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Summary
A un it process packed bed reactor system fo r the growth o f anchorage 
dependant cells and the production o f animal viruses has been developed and 
studied. The technique is based on a s ta tic  bed o f 3mm diam eter glass spheres 
w ith  medium c ircu la tion  provided by an a ir l i f t  pump. The e ffic iency  o f this 
arrangement was assessed by comparison w ith  the model process o f the 
production o f foo t and mouth disease virus from  BHK monolayer cells in Roux 
flasks. The physical parameters o f the substrate bed and the c r it ic a l ra te  o f 
medium circu la tionn were established a t the 100 ml scale. A linear flow ra te  o f 
2 cm /m in down uniform ly-shaped beds o f glass speheres was used fo r the design 
o f larger propagators o f 1, 10 and 100 litre s  (equivalent to 10, 100 and 1,000 
Roux flasks). These confirm ed the observations from  the prototype reactors and 
enabled new process strategies to be developed.
C e ll growth in glass sphere propagators was monitored from  the leve l o f 
glucose in the cu ltu re  medium. A fa ll to less than 2 g / litre  corresponded to  the 
tim e o f maximum ce ll growth. Biochemical analysis o f cu lture  flu id  was also 
used to fo llow  virus rep lica tion  . The level of lacta te  dehydrogenase reached 
maximum at the tim e o f maximum in fe c tiv ity  and the level o f enzyme started to  
decline at the tim e o f maximum antigen ic ity .
The optimum levels o f pH and dissolved oxygen fo r ce ll growth in glass 
sphere propagators were determ ined. There was no c r it ic a l upper l im it  fo r 
dissolved oxygen. The combined use o f both optima enabled the incubation 
period to be reduced from  96 to 72 hours. A study was made o f ce ll d is tribu tion  
and growth in models o f very deep beds of glass spheres. High ce ll 
concentrations were recovered from  packed bed reactors supplied w ith  ten fo ld  
increases o f cu lture  medium.
The novel un it process has been exploited fo r the growth o f a va rie ty  o f 
anchorage dependant cells and the production o f d iffe re n t animal viruses. Glass 
sphere propagators are pa rticu la rly  e ffe c tive  where rapid and repeated changes 
o f process fluids are required. In addition these packed bed reactors provide 
re liab le  and acceptable substrate (glass) fo r ce ll growth. The technique is 
capable o f fu rthe r technological and biological development.
CONTENTS
Page Number
Acknowledgements i
Summary ii
Chapter 1, Introduction 1
1.1) Introduction 2
1.2) Foot and Mouth Disease 4
(a) The disease 4
(b) The virus o f foo t and mouth disease 5
(c) Contro l o f foo t and mouth disease 6
(d) Vaccines against foo t and mouth disease 6
i) A ttenuated vaccine against foo t and mouth disease 7
ii)  Inactivated vaccine against foo t and mouth disease 7
(e) Production o f large quantities o f v ira l antigen fo r
vaccines against foo t and mouth disease 8
i) Live animals 8
ii)  Tissue fragments 8
ii i)  Cell cu lture  9
1.3) The Culture o f Anim al Cells 9
(a) Origins of ce ll cu lture  9
(b) Anim al ce ll cu lture  11
(c) The adhesion o f monolayer cells to a solid substrate 13
i) The substrate 13
ii)  Mechanism of adhesion 14
ii i)  Additional factors a ffec ting  ce ll adhesion 15
(d) Medium fo r ce ll growth 15
(e) Oxygen 17
(f) Culture Apparatus 19
-v -
Paqe Number
1.4) The Large-Scale C u ltiva tion  o f Monolayer Cells 19
(a) Advantages o f un it process operations 23
<b) Large-scale un it process monolayer systems 23
i) M icrocarriers 23
ii)  Stacked plate processes 25
(c) Novel small-scale un it process monolayer systems 27
i) Gas permeable tubing 27
ii)  P lastic film s  29
ii i)  Hollow fibres 29
iv) Packed beds 32
Chapter 2, P re lim inary Investigations 35
2.1) In troduction 36
2.2) M ateria ls 38
(a) Medium 38
(b) Baby hamster kidney ce ll lines 38
i) Monolayer cells 38
ii)  Suspension cells 39
(c) Foot and mouth disease virus strains 39
(d) Roux flasks used fo r the growth o f monolayer cells 39
(e) Propagators w ith  the substrate held in a packed bed 39
i) 26 cm polystyrene granule propagator 40
ii)  26 cm glass sphere propagator 40
2
i i i)  Mk I 200 cm glass sphere propagators 40
2
iv) Mk II 200 cm glass sphere propagator 43
(f) Suspension ce ll cu lture  apparatus 43
i) A.V.R.I. spinners 43
ii)  Stirred blood bottles 48
-v i-
Paqe Number
2.3) Methods 48
(a) Measurement o f ce ll concentration 48
(b) In itia tio n  o f BHK monolayer ce ll growth 48
i) Roux flasks 48
2ii)  26 cm polystyrene granule propagators 50
ii i)  26 cm glass sphere propagators 50
2iv) Mk I 200 cm glass sphere propagators 50
2
v) Mk II 200 cm glass sphere propagators 50
(c) In itia tio n  o f BHK suspension ce ll growth 50
i) A .V .R .I. spinners 51
ii)  S tirred blood bottles 51
(d) Recovery o f BHK monolayer cells 51
i) Roux flasks 51
2
ii)  26 cm polystyrene granule propagators 51
2ii i)  26 cm glass sphere propagators 52
2
iv) Mk I 200 cm glass sphere propagators 52
2v) Mk II 200 cm glass sphere propagators 52
(e) Recovery o f BHK suspension cells 53
i) A.V.R.I. spinners 53
ii)  Stirred blood bottles 53
(f) Assays o f foo t and mouth disease virus suspensions 53
i) Infectious virus 53
ii)  Antigenic virus 53
(g) Foot and mouth disease virus growth in BHK monolayer cells 53
i) Roux flasks 54
ii)  Mk II glass sphere propagators 54
(h) Foot and mouth disease virus growth in BHK suspension cells 54
i) A.V.R.I. spinners 54
ii)  Stirred blood bottles 54
—V 11 —
Page Number
(i) Q uality contro l 54
i) Serum 54
ii)  D is tilled  water 55
ii i)  Detection o f extraneous micro-organisms 55
iv) Washing procedures 56
v) S terilisation 56
2.4) Results 56
(a) The w e tta b ility  o f polystyrene Pe tri dishes which d iffe red
in th e ir a b ility  to support ce ll growth 56
(b) The e ffe c t o f surface oxidation on the w e tta b ility  o f
bacterio log ica l grade polystyrene Petri dishes 57
(c) The growth o f BHK monolayer cells on polystyrene Petri dishes
w ith  d iffe re n t surface w e tta b ility  57
(d) The growth o f BHK monolayer cells on treated and untreated
bacterio log ica l grade polystyrene Petri dishes 60
(e) Development of the technique fo r attaching BHK monolayer
cells to treated polystyrene granules 60
(f) The growth o f BHK monolayer cells on s ta tic  trea ted
polystyrene granules 63
2(g) Cell growth under d iffe re n t regimes in Mk I 200 cm glass
sphere propagators 63
2(h) The e ffe c t o f d iffe re n t gas rates to the a ir l i f t  of Mk I 200 cm
glass sphere propagators on the growth o f BHK monolayer cells 66
(i) The use o f d iffe re n t size glass spheres fo r the growth o f BHK
2monolayer cells in Mk I 200 cm glass sphere propagators 66
(j) Preparation o f glass spheres fo r BHK monolayer ce ll grow th in
2
Mk I 200 cm glass sphere propagators 68
(k) The use o f external a ir l if ts  fo r Mk I glass sphere propagators
and the growth o f BHK monolayer cells 71
— V l l  1 —
Page Number 
?(1) The e ffe c t o f d iffe re n t gas rates to the a ir l i f t  of Mk II 200 cm
glass sphere propagators on the growth o f BHK monolayer cells. 73
(m) The liqu id discharge ra te  from  Mk II propagator a ir l if ts  supplied
w ith  d iffe re n t gas flows 73
(n) Comparison o f the growth o f BHK monolayer cells w ith  the
medium flow rates in Mk II glass sphere propagators 73
(o) The use o f packed substrate beds w ith  d iffe ren t configurations
fo r the growth o f BHK monolayer cells in Mk II glass sphere 
propagators 78
2(p) Comparison o f BHK monolayer ce ll production in 200 cm glass
sphere propagators and Roux flasks 80
(q) Determ ination o f the in fec tion  technique fo r BHK monolayer
ce ll cultures 80
(r) Production o f in fectious virus in BHK monolayer cells grown on
glass spheres and in Roux flasks 82
(s) Production o f antigenic foo t and mouth disease virus in BHK
monolayer cells grown on glass spheres and in Roux flasks 82
(t) Comparison o f foot and mouth disease virus production in BHK
suspension and in BHK monolayer cells grown in M k ll glass 
sphere propagators. 84
2.5) Discussion. 88
- ix -
Paqe Number
Chapter 3, Scale-Up 89
3.1) Introduction 90
3.2) M ateria ls 92
(a) Medium 92
(b) BHK monolayer ce ll inoculums 92
(c) Foot and mouth disease virus strains 92
(d) Foot and mouth disease virus seeds 93
(e) Propagators w ith  the substrate held in a packed bed 93
i) 200 cm glass sphere propagators 94
ii)  1 l i t re  glass sphere propagators 94
ii i)  10 l i t re  glass sphere propagators 94
iv) 100 li t re  glass sphere propagator 101
3.3) Methods 110
(a) Glucose assay 110
(b) Assay fo r lac ta te  dehydrogenase 110
(c) In itia tio n  o f BHK monolayer ce ll growth in propagators w ith  the
substrate held in a packed bed 114
i) 1 l i t re  glass sphere propagators 114
ii)  10 li t re  glass sphere propagators 116
ii i)  100 li t re  glass sphere propagators 116
(d) Recovery o f BHK monolayer cells from  propagators w ith  the
substrate held in a packed bed 119
i) 1 li t re  glass sphere propagators 119
ii) 10 litre  glass sphere propagators 120
(e) Foot and mouth disease virus production in BHK monolayer
cells grown in propagators w ith  the substrate held in a packed
bed 120
i) 1 l i t re  glass sphere propagators 121
ii)  10 li t re  glass sphere propagators 121
ii i)  100 lit re  glass sphere propagators 122
- X -
Paqe Number
3.4) Results 124
(a) Determ ination o f a i r l i f t  parameters 124
i) E ffe c t o f foot-p iece diameter on flu id  output 124
ii)  E ffe c t of lif t-p ip e  diameter on flu id  output 127
ii i)  E ffe c t of lif t-p ip e  length on flu id  output 127
(b) Comparison o f fresh and 4°C  stored inocula fo r the growth o f
BHK monolayer cells in Roux flasks 127
(c) Determ ination o f ce ll growth in glass sphere propagators 129
i) Sampling the substrate 129
ii)  Measurement o f glucose concentration 132
(d) Recovery o f BHK monolayer cells from  1 and 10 l i t re  glass
sphere propagators 135
i) 1 li t re  glass sphere propagators 135
ii)  10 li t re  glass sphere propagators 135
(e) E ffe c t of d iffe ren t gas rates to the a ir l i f t  o f glass sphere
propagators on the growth o f BHK monolayer cells 138
(f) Comparison o f the growth o f BHK monolayer cells in three
scales o f glass sphere propagator and in Roux flasks 138
(g) The e ffic iency o f glucose u t il is a t io n  in d iffe re n t scales o f glass
sphere propagator and in Roux flasks. 141
(h) The production o f foot and mouth disease virus in BHK
monolayer cells grown in glass sphere propagators 141
i) Measurement o f LDH concentration in the cu ltu re
medium of glass sphere propagators to m onitor virus
production 144
ii)  Infectious virus production 147
ii i)  Antigenic virus production 147
-x i-
Paqe Number
3.5) Discussion 152
Chapter 4, Exp lo ita tion and O ptim isation 154
4.1 Introduction 155
4.2 M ateria ls 156
(a) Medium
i) BHK monolayer cells 156
ii)  Chick embryo fibroblasts 156
ii i)  IB-RS-2 pig kidney monolayer cells 157
(b) C ell Inocula 157
i) Chick embryo fibroblasts 157
ii)  IB-RS-2 pig kidney monolayer cells 157
(c) Virus seeds 157
i) Human influenza virus 157
ii)  Swine vesicular disease virus 158
4.3 Methods 158
(a) In itia tio n  o f ce ll growth 158
(b) Recovery o f cells from  Roux flasks 158
i) Chick embryo fibroblasts 158
ii)  IB-RS-2 pig kidney monolayer cells 158
(c) Recovery o f cells from  propagators w ith  the substrate held in a
packed bed 158
i) Chick embryo fibroblasts 158
ii)  IB-RS-2 pig kidney monolayer cells 159
(d) Virus assays 159
i) Human influenza virus 159
ii)  Swine vesicular disease virus 159
Page Number
(e) pH measuring and contro l system used fo r 1 lit re  glass sphere 
propagators 159
i) pH sensing assembly 159
ii)  S terilisa tion o f pH sensing assembly 160
ii i)  pH measurement and contro l system 160
iv) C a lib ra tion  o f the pH electrodes 164
(f) Measurement and contro l o f dissolved oxygen in 1 l i t re  glass 
sphere propagators 164
i) The oxygen electrode 164
ii)  Assembly and s te rilisa tion  o f the oxygen electrode 164
ii i)  Dissolved oxygen measurement and contro l system 169
iv) C a lib ra tion  o f the oxygen electrode 169
(g) The contro l o f pH and dissolved oxygen in 1 li t re  glass sphere 
propagators 172
Results 172
(a) Investigations w ith  chick embryo fibroblasts 175
i) Recovery o f chick embryo fibroblasts from  glass sphere
propagators 175
ii)  Comparison o f the growth o f chick embryo fibroblasts in
glass sphere propagators and Roux flasks 175
ii i)  Glucose u tilisa tion  by chick embryo fibroblasts grown in
glass sphere propagators and Roux flasks 175
iv) Production o f attenuated human influenza virus in chick
embryo fibroblasts grown in glass sphere propagators and 
Roux flasks 175
(b) Investigations w ith  IB-RS-2 pig kidney monolayer cells 180
i) Pre lim inary investigations 180
ii)  Growth o f IB-RS-2 pig kidney monolayer cells in glass
sphere propagators and Roux flasks 180
—X 1 1 1  —
Page Number
ii i)  Production o f swine vesicular disease virus in IB-RS-2 pig 
kidney mono-layer cells grown in glass sphere propagators
and Roux flasks 180
iv) A na ly tica l use o f inactivated, concentrated swine
vesicular disease v ira l antigen 183
(c) Relationship between cell production and the level o f glucose in
glass sphere propagators 183
i) BHK monolayer ce ll production in 1 l i t re  glass sphere
propagators 183
ii)  Chick embryo fibroblasts production in glass sphere
propagators and Roux flasks 187
(d) Investigation o f the growth o f BHK monolayer cells in the
substrate bed o f 1 lit re  glass sphere propagators 187
i) The recovery o f BHK monolayer cells from  d iffe re n t parts
o f the substrate bed o f I l i t re  glass sphere propagators 187
ii)  Recovery o f BHK monolayer cells from  d iffe ren t parts of
a substrate bed w ith  a height:diam eter ra tio  o f 12:1 191
ii i)  Recovery o f BHK monolayer cells from  a th ree-part
substrate bed 195
iv) Growth o f BHK monolayer cells in 1 lit re  glass sphere
propagators supplied w ith  extra culture medium 195
(e) Determ ination o f oxygen transfer rates in d iffe ren t scales of
glass sphere propagator 195
(f) Determ ination o f the optimum levels o f pH and dissolved 
oxygen fo r the growth o f BHK monolayer cells in 1 l i t re  glass
sphere propagators 199
i) Comparison o f d iffe ren t times fo r the cell inoculum to
attach to the glass spheres in the substrate bed 199
ii)  The use o f a p e ris ta ltic  pump fo r medium c ircu la tion  203
ii i)  The growth o f BHK monolayer cells in 1 litre  glass sphere
propagators w ith  the cu lture medium contro lled  at 
d iffe ren t pH levels 203
-x iv -
Paqe Number
iv) The growth o f BHK monolayer cells in 1 l i t re  glass sphere
propagators w ith  d iffe re n t contro lled levels o f dissolved 
oxygen in the cu lture  medium 206
4.5 Discussion 206
Chapter 5, Discussion 212
5.1) Introduction 213
5.2) Development and Evaluation o f Glass Sphere Propagators 216
(a) Adhesion o f cells to glass spheres 216
(b) Recovery o f cells from  glass spheres 217
(c) Physical parameters o f glass sphere propagators 218
i) Packed substrate bed 218
ii)  Medium c ircu la tion  218
ii i)  Pumps 219
5.3) B iological P roductiv ity  o f Glass Sphere Propagators 220
(a) Cell production 220
(b) Virus production 221
5.4) Determ ination o f P roductiv ity  from  Biochemical Analysis o f the
Culture Medium 223
(a) Cell growth by glucose concentration 223
(b) M onitoring o f virus production by lacta te  dehydrogenase 224
5.5) U tilisa tion  o f the Special Features o f Glass Sphere Propagators 225
(a) The one-cycle production o f in fectious foot and mouth disease
virus in sphere propagators 226
(b) Separation o f the aeration system from  the cells 227
(c) Concentrated ce ll production 230
5.6) Proposals fo r the Further Development o f the Glass Sphere
Propagator Process 232
(a) Recovery o f cells from  im m obile glass sphere propagators 232
(b) Design fo r 1,000 l i t re  glass sphere propagator 234
Page Number
5.7) Potentia l B ioplogical Applications fo r Glass Sphere Propagators 235
(a) Veterinary vaccines 235
i) Foot and mouth disease vaccine 235
ii)  Swine vesicular disease vaccine 236
ii i)  Other veterinary vaccines 236
(b) Human vaccines 237
(c) Therapeutic agents fo r human applications 237
(d) Production o f m icrobial cells and m etabolites 238
5.8 Conclusions 240
References 242
- X V I -
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10 
2.11
2.12
L is t o f Tables
Page Number
H ydroph ilic ity  o f d iffe re n t grades o f polystyrene P e tri dishes 58
The hydroph ilic ity  o f bacterio logical grade polystyrene Pe tri 
dishes a fte r trea tm ent w ith  oxidising agent 58
Comparison o f the growth o f BHK monolayer cells on d iffe re n t 
size glass spheres in Mk I glass sphere propagators w ith  tha t in 
Roux flasks 69
Comparison o f the growth o f BHK monolayer cells on new glass 
spheres o f d iffe re n t size w ith  tha t on old glass beads in Mk I 
propagators 69
Volume occupied by d iffe ren t size glass spheres in Mk I
propagators 69
The growth o f BHK mnonolayer cells on 3 mm diam eter glass 
spheres a fte r d iffe re n t cleaning procedures 70
The e ffe c t of external a ir l if ts  on the growth o f BHK monolayer 
in cells Mk I glass sphere propagators 72
Comparison o f the growth o f BHK monolayer cells in Mk I glass 
sphere propagators w ith  substrate beds arranged to have 
d iffe re n t height to diameter ratios 79
The growth o f BHK monolayer cells on 3 mm diam eter glass 
spheres and Roux flasks 79
2Comparison o f ce ll yields from  200 cm glass sphere 
propagators w ith  tha t from  Roux flasks 81
Comparison o f d iffe re n t methods of in fecting  cu ltu re  o f BHK 
monolayer cells w ith  C Noville  stra in of foo t and mouth disease 
virus 81
The production o f in fectious foot and mouth disease virus in 
BHK monolayer cells grow in on glass spheres and in Roux 
flasks 81
- X V I I -
2.13
2.14
2.15
2.16
2.17
2.18 
2.19
3.1
3.2
3.3
3.4
3.5
3.6
Page Number
Infectious v ira l p roductiv ity  o f BHK monolayer cells grown on 
glass spheres and in Roux flasks 83
The production o f antigenic foo t and mouth disease virus in 
BHK monolayer cells grown on glass spheres and in Roux flasks 83
Antigenic v ira l p roductiv ity  o f BHK monolayer cells grown on 
glass spheres and in Roux flasks 85
The production o f the O, BFS 1860 stra in  o f foo t and mouth 
disease virus in BHK suspension cells grown in d iffe re n t cu ltu re  
vessels 85
Comparison o f d iffe re n t methods o f in fecting cultures o f BHK 
suspension cells w ith  C Noville  stra in o f foo t and mouth disease 
virus 87
Comparison o f infectious virus production in BHK monolayer 
and BHK suspension cells 87
Comparison o f antigenic virus productrion in BHK monolayer 
and BHK suspension cells 87
Process parameters o f four scales o f glass sphere propagator 125
Parameters o f the a ir l if ts  used fo r four scales of glass sphere 
propagator 128
Comparison o f fresh and 4°C stored inocula fo r the growth o f 
BHK monolayer cells in Roux flasks 128
Comparison o f the cells recovered from  samples o f the 
substrate bed w ith  those from  the whole propagator 131
Comparison o f the levels o f glucose in the cu lture  medium w ith  
the cells recovered from  100 ml glass sphere propagators and 
Roux flasks 133
Comparison o f the levels o f glucose in the cu lture  medium o f 
three scales of glass sphere propagator at the tim e cells were 
recovered 133
- A  V H i -
3.7
3.8
3.9
3.10
3.11
3.12
3.13
3.14
4.1
4.2
4.3
4.4
Page Number
Recovery o f BHK monolayer cells from  1 li t re  glass sphere 
propagators 136
Recovery o f BHK monolayer cells from  10 lit re  glass sphere 
propagators by dismantling the substrate bed 137
Recovery o f BHK monolayer cells from  10 lit re  glass sphere 
propagators by v ib ra tion o f the in ta c t substrate bed 140
Production o f BHK monolayer cells in d iffe ren t scales of glass 
sphere propagator 142
Comparison o f the u tilisa tion  o f glucose fo r the growth o f BHK 
monolayer cells in d iffe ren t scales o f glass sphere propagators 
and Roux flasks 143
Maximum production o f in fectious foot and mouth disease virus 
in BHK monolayer cells grown in d iffe re n t scales o f glass 
sphere propagator and Roux flasks 149
Maximum production o f antigenic foot and mouth disease virus 
in BHK monolayer cells grown in d iffe re n t scales o f glass 
sphere propagator and Roux flasks 150
Comparison o f the observed antigenic foot and mouth disease 
virus production w ith  that expected from  d iffe re n t scales o f 
glass sphere propagator 151
Recovery o f chick embryo fibroblasts from  100 m l glass sphere 
propagators a fte r successive trypsin treatm ents 176
Comparison o f the growth o f chick embryo fibroblasts in 100 m l 
glass sphere propagators and Roux flasks 177
U tilisa tion  of glucose fo r the growth o f chick embryo 
fibroblasts in 100 ml glass sphere propagators and Roux flasks 178
Production o f attenuated human influenza virus in chick embryo 
fibroblasts grown in 100 ml glass sphere propagators and Roux 
flasks 179
xix
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
4.15
4.16
Page Number
The growth o f IB-RS-2 pig kidney monolayer cells in d iffe re n t 
scales o f glass sphere propagator 181
Maximum production o f in fectious swine vesicular disease virus 
in IB-RS-2 pig kidney monolayer cells grown in d iffe re n t scales 
o f glass sphere propagator 184
Maximum production o f antigenic swine vesicular disease virus 
in IB-RS-2 pig kidney monolayer cells grown in d iffe re n t scales 
o f glass sphere propagator 185
The use o f inactivated, concentrated swine vesicular disease 
v ira l antigen produced in 10 li t re  glass sphere propagators as a 
diagnostic reagent 186
Recovery o f BHK monolayer cells from  d iffe ren t portions o f 
the substrate bed o f 1 l i t re  glass sphere propagators 190
Investigation o f the growth o f BHK monolayer cells in d iffe re n t 
portions of the substrate bed o f 1 l i t re  glass sphere propagators 192
Recovery o f BHK monolayer cells from  d iffe ren t portions o f a 
substrate bed w ith  a height to diameter ra tio  o f 12:1 194
Recovery o f BHK monolayer cells from  a three part substrate 
bed w ith  a height to diameter ra tio  o f 12:1 196
The growth o f BHK monolayer cells in 1 lit re  glass sphere 
propagators supplied w ith  extra  culture medium 197
The growth o f BHK monolayer cells in 100 ml substrate beds 
connected to the medium reservoirs of 1 lit re  glass sphere 
propagators 198
Comparison o f the maximum oxygen transfer rates in d iffe re n t 
scales o f glass sphere propagator 200
Comparison o f d iffe re n t times fo r the ce ll inoculum to a ttach 
to the glass spheres in the substrate bed o f 1 lit re  glass sphere 
propagators 201
4.17
-xx-
Paqe Number
Comparison o f the growth o f BHK monolayer cells in 1 li t re  
glass sphere propagators w ith  the cu lture  medium c ircu la ted by 
d iffe re n t types o f pump 204
5.1 The one-cycle production o f in fectious foo t and mouth disease 
virus in 1 li t re  glass sphere propagators and Roux flasks 229
-xx i-
1.1
1.2
1.3
1.4
1.5
1.6
1.7
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10 
2.11 
2.12 
2.13
L is t o f Figures
Schematic representation o f the stages o f ce ll adhesion
Page Number
16
Typical small s tirred  bo ttle  used fo r the culture o f suspension 
cells 20
S im plified 8 l i t re  cu lture  system fo r suspension cells 21
Stacked plate propagator fo r monolayer cells 26
Spiral f ilm  propagator fo r monolayer cells 30
Hollow fib re  cu lture  system fo r monolayer cells 31
Packed bed reactor fo r the growth o f monolayer cells 33
26 cm polystyrene granule propagator 41
2
Mk I 200 cm glass sphere propagator 42
2
Mk II 200 cm glass sphere propagator 44
2A ir l i f t  pump used fo r Mk II 200 cm glass sphere propagator 46
AVRI spinner cu lture  fo r suspension cells 47
Stirred blood bo ttle  fo r suspension cells 49
The growth o f BHK monolayer cells on bacterio log ica l grade 
polystyrene Petri dishes a fte r d iffe ren t trea tm ent w ith  
concentrated sulphuric acid 59
The growth o f BHK monolayer cells on bacterio log ica l grade 
polystyrene Pe tri dishes a fte r exposure to u ltra  v io le t lig h t 61
The growth o f BHK monolayer cells on d iffe ren t polystyrene 
P e tri dishes 62
The growth o f BHK monolayer cells on stationary trea ted  
polystyrene granules in d iffe re n t culture systems 64
2The growth o f BHK monolayer cells in Mk I 200 cm glass 
sphere propagators 65
2
The e ffe c t o f d iffe re n t gas rates to the a ir l i f t  of Mk I 200 cm 
glass sphere propagators on the growth o f BHK monolayer ce lls  67
2The e ffe c t of d iffe re n t gas rates to the a ir l i f t  of Mk II 200 cm 
glass sphere propagators on the growth o f BHK monolayer ce lls  74
- X X 1 1 -
2.14
2.15
2.16
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
3.14
3.15
Page Number
Comparison o f medium flow rates down the substrate beds of 
?
200 cm glass sphere propagators w ith  the growth o f BHK
monolayer cells 75
The e ffe c t o f d iffe ren t gas flow rates on the ra te  o f liqu id
2
discharged from  the a ir l i f t  o f a Mk II 200 cm glass sphere 
propagator 76
2
The growth o f BHK monolayer in Mk II 200 cm glass sphere 
propagators w ith  substrate beds o f d iffe ren t configurations 77
In-line sampling device fo r glass sphere propagators 95
1 l i t re  glass sphere propagator 97
10 li t re  glass sphere propagator 99
Flowm eter assembly fo r a ir l i f t  o f 10 lit re  glass sphere
propagator 102
Process line layout o f 100 li t re  glass sphere propagator 104
Process contro l systems fo r 100 litre  glass sphere propagators 107
Schematic arrangement o f 100 litre  glass sphere propagator 109
Relationship between glucose concentration and d ig ita l readout 111
Schematic arrangement o f autoanalyser fo r the measurement of 
lacta te  dehydrogenase 112
Relationship between the concentration o f la c ta te  
dehydrogenase and optica l density 113
M ale-fem ale connectors 115
Charging bo ttle  115
Cell inoculation apparatus fo r 100 lit re  glass sphere propagator 118
Physical factors which a ffe c t the ra te  o f liquid discharged from  
an a i r l i f t  126
Typical glucose levels during the growth o f BHK monolayer 
cells in d iffe re n t scales o f glass sphere propagator 134
-x x iii-
3.16
3.17
3.18
4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
Page Number
Typical levels o f lac ta te  dehydrogenase released from  BHK 
monolayer cells during the growth o f foo t and mouth disease 
virus in 1 li t re  glass sphere propagators 145
Comparison o f the levels of lacta te  dehydrogenase released 
from  BHK monolayer cells during the growth o f four strains of 
foo t and mouth disease virus in 1 l i t re  glass sphere propagators 146
Comparison o f the levels o f lacta te  dehydrogenase released 
from  BHK monolayer cells during the growth o f one stra in  o f 
foo t and mouth disease virus in d iffe ren t scales o f glass sphere 
propagator 148
Special chamber fo r pH electrodes 161
Schematic arrangement o f the pH measurement and contro l 
system fo r 1 l i t re  glass sphere propagators 163
Improved oxygen electrode 166
Calibra tion chamber fo r oxygen electrode 168
Schematic arrangement o f the dissolved oxygen measurement 
and contro l system fo r 1 lit re  glass sphere propagators 171
Schematic arrangement fo r the measurement and contro l of 
both pH and dissolved oxygen levels in 1 l i t re  glass sphere 
propagators 174
Production o f swine vesicular disease virus in IB-RS-2 kidney 
monolayer cells grown in Roux flasks 182
Relationship between the number o f BHK monolayer cells 
produced w ith  the levels o f glucose in 1 litre  glass sphere 
propagators 188
Relationship between the number of chick embryo fibroblasts 
produced w ith  the levels of glucose in culture medium 189
Diagram of experimental substrate beds w ith  height to 
diameter ra tios o f 12:1 fo r 1 l i t re  glass sphere propagators 193
-xx iv -
4.11
4.12
4.JL3
5.1
5.2
Page Number
Comparison o f the rates at which 100% a ir saturation are 
reached in d iffe ren t scales of glass sphere propagators 202
The growth o f BHK monolayer cells in 1 litre  glass sphere 
propagators w ith  the cu lture  medium controlled at d iffe ren t pH 
values 205
The growth o f BHK monolayer cells in 1 lit re  glass sphere 
propagators w ith  the cu ltu re  medium controlled at d iffe re n t 
levels o f dissolved oxygen . 207
The release o f in fectious foo t and mouth disease virus from  
BHK monolayer cells in 1 l i t re  glass sphere propagators 228
Proposed arrangement fo r the recovery o f cells from  im m obile 
glass sphere propagators 233
- X X V -
L is t o f Plates
Page Number
1.1 Fibroblastic monolayer cells 12
1.2 Epithe lia l monolayer ceils 12
1.3 Industrial-scale stainless steel ferm entor 22
1.4 Monolayer cells growing on m icrocarrie r 24
1.5 Rotating stacked plate propagator fo r monolayer cells 28
2.1 Mk II 200 cm^ Glass Sphere Propagator 45
O
3.1 Improved 200 cm glass sphere propagator 9.6
3.2 1 lit re  glass sphere propagator 98
3.3 10 litre  glass sphere propagator 100
3.4 100 lit re  glass sphere propagator 105
3.5 Core sampler 1^0
3.6 10 lit re  glass sphere reservoir mounted on vibrating p la tfo rm  139
Chapter 1 - Introduction
1.1 INTRODUCTION
Large quantities o f animal cells are required fo r the production o f (1) v ira l 
antigen fo r the preparation o f vaccines and (2) ce llu la r m etabolites such as in terferons 
and hormones fo r therapeutic applications. The most e ffic ie n t way to  produce large 
quantities o f animal cells is a un it process (Spier, 1980). Conventionally this takes the 
form  of a simple s tirred  tank capable o f being scaled-up to  many thousands o f litre s . 
For this type of submerged cu lture , animal cells must lose the ir natural requirem ent 
fo r growth, namely, attachm ent to a solid substrate. The a b ility  o f animal cells to 
grow unsupported in submerged cu lture  is usually associated w ith  transform ation  o f 
the cells by carcinogens or oncogenic viruses (Paul, 1975), and products derived from  
such suspension cells have lim ite d  applications. For example, v ira l antigen produced in 
suspension cells is used fo r the preparation o f veterinary vaccines but is not licensed 
fo r use in vaccines fo r humans (L itw in , 1971; Jacobs, 1978; van Wezel, 1982). When 
large quantities o f animal cells are required which are most like th e ir natura l 
predecessors (anchorage dependent cells) there is no satisfactory industria l-scale un it 
process. A lte rna tive  processes are based on m ultip le  small bottles. Such systems are 
d if f ic u lt  to m onitor and contro l since each bo ttle  is a separate reactor. In add ition the 
necessary process operations are both numerous and labour intensive. The d iff ic u lt ie s  
o f the large-scale cu ltu re  of animal cells can be illustra ted by the production o f v ira l 
antigen fo r the manufacture o f vaccines against foot and mouth disease.
The large-scale production o f v ira l antigen for the preparation o f vaccines 
against foot and mouth disease is almost universally carried out in BHK suspension 
cells grown in m odified bacteria l ferm entors (Capstick et al, 1962; Telling and 
Elsworth , 1965). This technique is preferred because such cultures can be many 
thousands o f litres  in volume (Mowat et al, 1978; Telling et al, 1971), and because o f 
the ease and contro l w ith  which process operations can be carried out. However, there
are some strains of foot and mouth disease which grow poorly in BHK suspension cells 
or which cannot be adapted to this type o f ce ll culture (Pay and Schermbrucker, 1974; 
Clarke and Spier, 1976). In these circumstances the preparation o f an e ffe c tive  
vaccine against such a stra in  o f the disease would be d if f ic u lt  i f  m anufacturing 
fa c ilit ie s  were based only on BHK suspension cells. To overcome this problem there 
are several a lternatives which include, (1) the use o f a d iffe ren t but re lated stra in  o f 
the virus which w ill grow in BHK suspension cells and which provides some pro tection  
against the troublesome stra in , (2) the use o f a d iffe ren t clone o f BHK suspension ce ll 
which has altered characteristics to enable i t  allow the virus stra in  to rep lica te , and
(3) the use o f BHK monolayer cells which can grow the d if f ic u lt  s tra in  o f virus. This 
approach is feasible since the laboratory detection o f foot and mouth disease (in the 
World Reference Laboratory) depends upon growing the virus in monolayer cells. 
U nfortunate ly the large-scale growth o f BHK monolayer cells in a un it process has 
received insu ffic ien t a tten tion  to make this p ractica l and so virus production in such 
cells would require the use o f many thousands of small bottles. To overcome the 
shortcomings of th is in e ffic ie n t m u ltip le  process the evaluation and development o f an 
e ffic ie n t unit process fo r the growth o f monolayer cells, which could be scaled-up to 
an industria l level, was carried out. Such a process would allow the choice o f a ce ll 
more like the natural host o f the virus or a cell w ith  better p roductiv ity  than those 
used at present. In addition, the new technique would be available fo r the production 
o f animal viruses and ce llu lar m etabolites which cannot be grown in suspension cells.
For the investigation and development o f a new unit process monolayer system i t  
is necessary to have physical and biological models against which the e ffic ien cy  o f the 
new device can be tested. In addition, such comparisons should be made at a ll scales 
o f operation from  the laboratory prototype to the fina l development. The physical 
model chosen was the Roux flask since i t  is the standard laboratory apparatus fo r the 
growth o f anchorage dependent cells in this Institu te . The biological model used was
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the production o f foo t and mouth disease virus in BHK monolayer cells grown in 
modified Eagle's Medium containing unheated adult bovine serum (Mowat and 
Chapman, 1962).
Foot and mouth disease, the cu lture  o f animal cells and apparatus fo r the growth 
of monolayer cells are now described in more deta il.
1.2 FOOT AND MOUTH DISEASE
(a) The Disease
Foot and mouth disease is an acute, contagious v ira l in fection  o f a ll c loven- 
hooved animals which is characterised by fever and vesicular eruptions in the mouth 
and on the fee t. Farm animals such as ca ttle , pigs, sheep and goats are a ll susceptible 
to foot and mouth disease. In addition some w ild  animals can be a reservoir o f the 
disease (Bachrach, 1968). N atura lly  non-susceptible laboratory animals, such as mice 
and guinea pigs, can be a r t if ic ia lly  in fected w ith  foot and mouth disease virus to serve 
as experimental models (Capel-Edwards, 1971). There is no evidence tha t ticks  or 
insects act as vectors fo r the transmission o f the disease (Boorman, personal 
communication) and there is l i t t le  evidence o f foot and mouth disease in man 
(Brooksby, 1967).
Foot and mouth disease is considered to be the most im portant disorder o f farm  
animals (Mowat, e t al, 1978) because of the economic disruption caused by lost m ilk  
and meat production. Economic losses can be considerable during a large outbreak o f 
foot and mouth disease. In 1952 the disease cost France £100 m illion  m ainly in lost 
m ilk production (Veterinary Record, 1978). Revenue is also lost by the disruption o f 
normal farm ing a c tiv itie s  caused by the res tric tio n  of animal movements imposed by 
the contro l procedures taken to prevent the spread of the disease and fo r its  
eradication. Eradication by slaughter is also extrem ely costly. For example, in the 
1967-1968 outbreak in England nearly 500,000 in fected and exposed livestock were 
slaughtered and the ir carcases destroyed which cost some £27 m illion  in compensation 
to farm ers (The Guardian, 1981).
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(b) The Virus o f Foot and Mouth Disease
Foot and mouth disease is caused by an RNA virus o f the genus rhinovirus in the 
fam ily  o f picornavirus. The in ta c t virus pa rtic le  is an icosahedron about 25 nm in 
diameter w ith  a m olecular weight o f about 8.4 x 10^ (Talbot and Brown, 1972). The 
virion consists of one molecule o f in fectious, single-stranded RNA w ith  a m olecular 
weight o f about 2.6 x 10^ and 60 copies o f each o f the four s truc tu ra l polypeptides 
(VP1 to  VP4). Three o f these polypeptides (VP1, VP2 and VP3) have molecular weights 
o f about 24 x 103 w h ils t the fourth  polypeptide has a molecular weight o f about 14 x 
103 (Brown, 1981). The four polypeptides form  the v ira l capsid in which VP1, VP2 and 
VP3 are located externa lly  w hilst VP4 is believed to be located in te rna lly  (Talbot, et 
al, 1973). The precise arrangement o f the polypeptides has not yet been determ ined 
but i t  is known tha t VP1 is located on the surface o f the v irion at the apices o f the 
icosahedron (Brown and Smale, 1970). In addition to the four m ajor polypeptides, foo t 
and mouth disease virus contains two minor polypeptides, P40 w ith  a m olecular weight 
o f 40 x 103 and P56 w ith  a molecular weight o f 56 x 103 (Sangar e t al, 1976). The 
la tte r  m inor polypeptide represents the virus in fection associated component which 
appears to be the RNA-dependent RNA polymerase (Newman et al, 1979).
Foot and mouth disease virus recovered from  infected ce ll cultures contains 
several specified products. The in fectious, in tac t virus pa rtic le  sediments at 146S 
w h ils t the non-in fective  partic le  (the so-called empties) sediment at 75S. In addition 
there is a 12S sub-unit and a protein which sediments at 4S which is identica l to the 
virus-induced RNA polymerase (Brown, 1981). Only the 146S pa rtic le  has s ign ifican t 
immunising a c tiv ity  which is closely associated w ith  the polypeptide VP1.
There are seven antigenically d iffe ren t types of foot and mouth disease. The 
three major types O, A and C are prevalent throughout the world w hilst three fu rth e r 
types S.A.T. (South A frican  Territo ries) 1, 2 and 3 have been isolated in A fr ic a . A 
seventh type Asia 1 occurs in countries on the southern borders o f Asia. In add ition to 
being serologically d iffe ren t the seven types are su ffic ien tly  im m unologically diverse
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tha t an animal which has recovered from  in fection  w ith  one serotype has no pro tection 
from  in fec tion  by any o f the other serotypes (Jubb and Kennedy, 1970). Furtherm ore, 
w ith in  each serotype there are sub-types which are only p a rtia lly  immunogenic to 
other members o f the group (Brooksby, 1968). New sub-types are continually being 
isolated which present fu rther d iff ic u ltie s  to prophylatic vaccination programmes.
(c) Contro l o f Foot and Mouth Disease
The spread o f foot and mouth disease can be contro lled by (1) isolation by natural 
geographic barriers, (2) eradication o f in fected animals, and (3) prevention by 
vaccination. This country w ill be used to illu s tra te  the d iffe re n t types of disease 
contro l. Since Great B rita in  is an island the surrounding sea acts as a natura l barrie r 
to the transmission o f foot and mouth disease. This method o f contro l is not in fa llib le  
because occasional outbreaks o f the disease s t i l l  occur. When an outbreak happens this 
country uses the second form  of disease contro l by slaughtering a ll in fected animals 
and res tric tin g  movements w ith in  a 10 m ile radius of the site o f the in fec tion . So fa r 
th is  action has proved e ffe c tive  but there is always the possib ility tha t a major 
outbreak m ight occur when such contro l measures could become too costly in animals 
fo r the economy o f the country, or in food production for the population. In such an 
eventua lity  the th ird  method o f disease contro l could be used. Vaccination would then 
be used to create bu ffe r zones o f resistant animals and so stop the spread o f the 
disease. When the disease had been eradicated the vaccinated animals in the bu ffe r 
zone would be slaughtered. This method of contro l is used in parts o f Denmark and 
Mexico. In countries where foot and mouth disease is endemic preventative  
immunisation w ith  vaccine is carried out. This policy is practised in mainland Europe, 
South Am erica and parts o f A frica . Vaccination must be carried out at frequent 
in tervals using a polyvalent preparation to p ro tect against the most like ly  strains of 
the disease most like ly  to occur.
(d) Vaccines Against Foot and Mouth Disease
An e ffic ie n t vaccine should (1) provide long lasting pro tection against the
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disease, (2) have no s ide-e ffects, (3) be stable and remain potent during storage, and
(4) be economic to produce. Vaccines fo r protection against diseases caused by viruses 
are generally prepared from  m ateria l derived from  the causative virus. Such 
prophylatic preparations are classified according to the nature of the antigen in to  two 
categories, live  (attenuated) vaccines and dead (inactivated) vaccines. Both types o f 
vaccine have been used against foo t and mouth disease.
i) A ttenuated vaccine against foot and mouth disease: The virus in live  vaccines 
has been m odified or attenuated by passage through a non-natural host, fo r example, 
adu lt mice were used fo r foo t and mouth disease (Skinner et al, 1962). This trea tm en t 
results in a less v iru len t virus which when in jected in to susceptible animals does not 
cause the disease but does stim ula te  the animal to produce antibodies. These are then 
available i f  the animal becomes in fected w ith  a v iru lent stra in o f the virus. The 
d iff ic u lty  w ith  this type o f vaccine is that the margin between the loss o f su ffic ie n t 
virulence so as not to cause the disease and the residual virulence required fo r 
successful antibody production, is very small (Sellars, 1970). In addition, the degree o f 
attenuation required is not constant and varies between d iffe ren t species, breeds and 
even individual animals (Mowat and Prydie, 1962). Furthermore, there may be a lag o f 
several months between the id en tifica tio n  of a new virus sub-type and the 
development o f an e ffe c tive  attenuated vaccine (Mowat et al, 1978). Because o f these 
shortcomings this type o f vaccine against foot and mouth disease has been superseded 
by inactivated vaccine preparations.
ii)  Inactivated vaccine against foot and mouth disease: Vaccines made from  dead 
(inactiva ted) virus re ly fo r the ir action on the antigenic m ateria l being unable to cause 
the disease but having the a b ility  to s tim u la te  antibody production in the animal.
Antigens vary in the ir a b ility  to induce antibody form ation (Topley and Wilson, 
1957). The effectiveness o f antigenic m ateria l can be enhanced by m ixing w ith  
alum inium hydroxide or some other insoluble substance such as vegetable and m ineral 
o ils  (Mims, 1977). Substances which improve the effectiveness of antigens but are not
themselves antigens are called adjuvants. Adjuvants work by trapping the antigenic 
m ateria l in an acute, localised in flam m ation at the site o f the in jection which slows 
down the release o f the antigen so an e ffec tive  antigenic response takes place (Fenner 
e t al, 1974).
Inactivated vaccines against foo t and mouth disease are generally prepared from  
v ira l antigen produced by growing the virus in BHK suspension cells. The virus 
produced in th is way is then inactivated w ith  formaldehyde or acetyle thylene im ine 
(Mowat e t al, 1978) and mixed w ith  an adjuvant such as aluminium hydroxide or 
saponin (Morgan et al, 1980). Foot and mouth disease vaccine is used a t the ra te  o f 
about 1.5 x 10 doses annually (Spier, 1982) and this requires the production o f large 
quantities of v ira l antigen.
(e) Production o f Large Quantities o f V ira l Antigen fo r Vaccines Against Foot and 
Mouth Disease
To produce large quantities o f v ira l antigen i t  is necessary to grow the virus in 
some form  of liv ing  tissue. This can be done in a varie ty of ways using (1) live  animals, 
(2) tissue fragments, and (3) ce ll culture.
i) Live animals: Live animals were the earliest source o f foot and mouth disease 
virus. M ate ria l produced in this way from  natura lly infected animals was used f ir s t  fo r 
investigational purposes (Loe ffle r and Frosh, 1897). Later susceptible animals were 
deliberate ly in fected w ith  foot and mouth disease in order to make experim enta l
» ti
vaccines (Graub et al, 1939; Rohrer et al, 1950). For routine large scale production 
live animals are not used because of the great number o f animals needed and the 
consequent danger o f spreading the disease to nearby susceptible livestock (M owat et 
al, 1978; Morgan et a l, 1980).
ii)  Tissue fragments: Fragments of animal tissue, pa rticu la rly  the ep ithe lium  
layer from  the tongues o f freshly slaughtered ca ttle , have been used to produce large 
quantities o f foot and mouth disease virus (Frenkel, 1947; Morrow et al, 1966). For 
this technique the tissue fragments were kept alive in a nu trien t medium long enough
to allow the virus to grow. It was possible to carry out the virus cultures in large 
stainless steel tanks which allowed simple process contro l to be introduced so tha t the 
conditions during virus growth could be regulated (The Veterinary Record, 1978). In 
addition the risk o f accidenta lly in fecting  susceptible animals was greatly  reduced by 
housing the cu ltu re  equipment in secure buildings (Mowat et al, 1978). This process 
made possible the f irs t  large-scale production o f vaccines against foo t and mouth 
disease which was a major breakthrough in the contro l o f the disease. The use o f 
tissue fragm ents fo r the growth o f foo t and mouth disease virus has the disadvantage 
tha t the technique depends on the ava ilab ility  o f large quantities o f c a ttle  tongue 
epithelium  from  cooperative abatto irs. For example, when the process was operated 
at this Ins titu te  tongue tissue was collected tw ice weekly from  some 300 c a ttle  
slaughtered several hundred miles d istant in Glasgow (Morrow et al, 1966). Because 
the vaccine m anufacturer does not have fu ll contro l o f the basic b io logical m ate ria l 
there can only be inadequate qua lity  contro l. Furthermore, no quan tita tive  
relationship can be made between virus production and the number and suscep tib ility  
o f the cells in the tissue fragments.
ii i)  C ell cu ltu re : The cu lture  o f animal ceils which originated from  fragm ents o f 
tissue is now w idely used fo r the growth o f a varie ty of virus types (M o ffa t, 1973; 
C a rtw righ t and Birch, 1978). This technique allows a choice o f host ce ll in which to 
grow the virus and e ffe c tive  qua lity contro l o f both the biological m a te ria l and the 
necessary nu trien t media. In addition the conditions of cell and virus grow th can be 
studied and optim ised fo r maximum productiv ity . With appropriate storage fa c ilit ie s  
b iological m ateria l can be made available on demand and worked in volumes large 
enough to satisfy customer requirements fo r the product. Because of the im portance 
o f animal ce ll cu lture  fo r the large-scale production of foot and mouth disease virus 
the technique w ill be described more fu lly .
THE CULTURE OF AN IM AL CELLS
(a) Origins o f C e ll Culture.
Modern tissue cu lture developed from  early attempts to keep organs and tissue
fragments alive outside the body. These investigations were stim ulated by the 
theore tica l principles advanced by Claude Bernard in 1878 and resulted in the f irs t  
successful organ cu lture  by Roux in 1885. This success was questioned and only 
resolved in 1907 when Harrison showed such explants continued to function norm ally. 
The experiments were d if f ic u lt  to repeat u n til Burrows in 1910 discovered a suitable 
nu trien t medium and made possible the f irs t reproducible technique (the hanging drop 
culture). Such cultures were o f short duration and often spo ilt by unwanted m icrobia l 
contam ination. C arre l (1912) overcame these d iff ic u ltie s  by applying the m eticulous 
aseptic procedures used in surgery to  tissue cu lture. By these means a stra in  o f cells 
was seria lly  subcultured fo r 34 years and the technique developed fo r growing cells in 
specially designed glass flasks as monolayer cultures. Further development was 
hindered by the d if f ic u lt  and expensive procedures needed fo r tissue cu ltu re .
Progress became more rapid fo llow ing the in troduction o f an tib io tics  a fte r 
World War II which allowed ce ll growth to be intensively studied. The biochem ical 
requirements o f cells was investigated by Fischer (1941) which was followed by more 
precise medium form ulations from  other workers such as Eagle (1955). D igestive 
enzymes were used to obtain suspensions o f single cells which enabled Sandford e t al 
(1948) to prepare clones and other workers to establish pure strains o f cells. Known 
cells could then be cultured fo r lim ite d  periods (prim ary cells) and in d e fin ite ly  (ce ll 
lines). Tissue cu ltu re  was then used by workers in other disciplines pa rticu la rly  those in 
virology, such as Enders et al (1949) who used the technique to grow po liom ye litis  
virus.
Large-scale tissue cultures began w ith  the use o f m ultip le  small bottles to grow 
monolayer cells. This inconvenient technique was superseded by submerged cu ltu re  (as 
used fo r other m icro-organisms) a fte r i t  was demonstrated tha t some animal ce lls 
could be adapted to grow unsupported. The small-scale suspension cu ltures were 
carried out in tumbling test-tubes (Owens, e t al, 1954) and in ro lle r bottles (Earle et 
al, 1954). Larger scale cultures became possible a fte r Cherry and H u ll (1956) grew
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suspension cells in small s tirred  bottles . When Z iegler et al (1958) used a 20 lit re  
stainless steel ferm entor fo r the growth o f suspension cells, tissue cu lture became a 
feasible industria l process and can now be carried out in reactors w ith  capacities o f 
several thousands o f litres . The production of monolayer cells a t such scales in a un it 
process has yet to be developed.
(b) Anim al C e ll Culture
Cultures o f animal cells can be made from  particu la r organs or tissues. M ate ria l 
from  such sources is then m echanically disrupted and treated w ith  a digestive enzyme 
such as trypsin to break down the connective tissue and so produce a suspension o f 
single cells. When these cells are added to a suitable nu trien t medium and allowed to 
settle  on to a suitable f la t  surface, such as a Roux flask, the cells w ill adhere to the 
glass and m u ltip ly  to  form  a layer one ce ll th ick . This prim ary cu lture  o f monolayer 
cells can then be used as the inoculum fo r fu rthe r cultures by releasing the ce ll sheet 
from  the glass e ither (1) mechanically, (2) w ith  digestive enzymes, or (3) w ith  a 
chelating agent such as EDTA. Successive subcultures o f cells can be made in th is way 
e ither in de fin ite ly  or u n til growth no longer takes place. When this occurs, fu rthe r 
ce ll cu lture  is only possible by resta rting  w ith  fresh animal tissue. Cells which can be 
subcultured inde fin ite ly  have adapted the ir metabolism to the conditions o f a r t if ic ia l 
cu lture  and are termed cell lines. Such bio logical m ateria l may be stored fo r short 
periods at 4°C, longer periods at -70°C and inde fin ite ly  a t -196°C. Cultures of 
animal cells grow rapid ly but not as quickly as cultures o f bacteria and yeast. For 
example, BHK cells double in about 14 hours (R adlett, e t al, 1971) while yeasts take 
from  1 to 2 hours and bacteria 20 to 60 mins. (Phaff, 1981).
Cultured cells are classified by the appearance o f the ir ce ll sheets in to 
fibroblasts and ep ithe lia l like lines (W hitaker, 1972). F ibroblastic cells have spindle 
shaped cells (Plate 1.1) whilst ep ithe lia l cells form  sheets composed of mosiac patterns 
or whorls (Plate 1.2). A fte r prolonged subculturing a ce ll line may change its  
appearance which is usually taken to be an indication that the cells have changed the ir
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P la te  No. 1.2 E p ith e lia l m onolayer cells
of a varie ty  o f cells. Furtherm ore, the substrate must be hydrophilic (Weiss, 1960) and 
serum or plasma proteins must be available in the cu lture  medium (Grinnell,1976). The 
influence o f substrate 'w e ttab ility * on ce ll adhesion may re late to the adsorption o f 
specific  proteins to the substrate (G rinnell, 1978).
ii)  Mechanisms of adhesion: G lycoproteins necessary fo r ce ll adhesion have been 
isolated from  the sera o f cu lture  medium and found to be secreted by certa in  cells 
(G rinnell, 1978). These glycoproteins have molecular weights o f 200,000 to 250,000 
(Yamada and Olden, 1978) and have been described by d iffe ren t workers as cold 
insoluble globulin (Morrison e t al, 1948), large external transform ation-sensitive 
prote in (Hynes and Bye, 1974), adhesion and spreading fac to r (G rinnell, 1976) and ce ll 
surface protein (Yamada and Weston, 1974). C o llective ly , these glycoproteins are 
termed fibronectins (Kuusela et al, 1976) and are probably o f two basic types, ce ll 
surface fibronectins and plasma fibronectins (Yamada and Olden, 1978).
Certa in  cells such as diploid fibroblasts have high levels o f ce ll surface
fibronectins and do not require serum for adhesion to a substrate (G rinnell and Feld,
1979). In contrast many established cell lines secrete only small amounts of
fib ronectin  and so require the addition o f fib ronectin  or the presence o f serum
containing fib ronectin  fo r adhesion to take place (Grinnell et al, 1977). For example,
2
BHK monolayer cells need 15 ng/cm of fibronectin  (Hughes et al, 1979). The amount 
o f ce ll surface fib ronectin  secreted from  cells has been shown to decrease a fte r  the 
cells have been transform ed (Yamada and Olden, 1978).
The addition o f monolayer cells to a substrate takes place a fte r fib ronec tin  is 
adsorbed on to the substrate. Cells then bind to the adsorbed fib ronectin  by specific  
receptors on the surface o f the ce ll (G rinnell et al, 1973). When this has taken place 
the cells fla tte n  and spread by extending pseudopods from  the base o f the attached 
cells (W itkowski and Brighton, 1971; Vasiliev and Gelfaud,, 1976). These pseudopods 
then form  attachments at the ir extrem ities to the substrate round the c ircum ference 
o f the ce ll (G rinnell et al, 1977). Cytoplasm is then able to flow  along and in between
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the extended attached pseudopods causing the cell to fla tte n  and spread (W itkowski 
and Brighton, 1972). Subsequently the cells divide and m u ltip ly  across the available 
area o f the substrate (A lbrecht-Buehler, 1978). A diagram atic representation o f the 
adhesion o f cells to a substrate is shown in Figure 1.1.
i i i)  Additional factors a ffec ting  ce ll adhesion
Cell adhesion is influenced by several additional factors. Time is needed fo r  the
cells to make contact w ith  the coated substrate and fo r cells to secrete fib rone c tin .
The temperature a t which adhesion takes place is also im portant since a t 4°C
pseudopodial a c tiv ity  is reduced (Albrecht-Buehler and Lancaster, 1976) and the ce ll
membrane becomes more rig id  (Ueda et al, 1976). C ell adhesion is an energy
dependent process since inh ib ition occurs in the presence o f known blockers o f
glycolysis and oxidative phosphorylation (Grinnell, 1978). Furtherm ore, d iva len t
2+ 2+
cations are also necessary (Okada et al, 1974). Both Mg and Ca at physio logica l
2 ^
concentrations are needed for the optim al spreading o f BHK cells w h ils t Mn may be 
even be tte r at higher concentrations (Grinnell, 1978). Treatment o f cells w ith  known 
inhib itors o f free sulphydryl groups prevents subsequent ce ll damage (G rinne ll and 
Srere, 1971). This suggests that sulphydryl groups are present at the adhesive sites on 
the ce ll surface or are involved in the form ation o f bonds between the ce ll and the 
substrate (Grinnell, 1978). In addition sulphydryl-blocking reagents are reported to  
increase ce ll r ig id ity  (La Celle e t al, 1976).
(d) Medium fo r Cell Growth
The medium used for tissue culture is designed to supply the n u tr it io n a l 
requirements of cells and as a consequence the medium contains a complex m ix tu re  o f 
inorganic salts, amino acids and vitam ins. In addition animal serum (usually 10% by 
volume) is often included in the medium to supply a range of necessary but 
un identified  growth factors. The known nutritiona l essentials fo r cu ltured anim als are 
glucose as a source o f carbon and energy, approximately 12 amino acids fo r the 
synthesis o f ce llu la r proteins, vitam ins and trace metals (Eagle, 1959). O ther
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chemicals which have been found to be beneficia l for certa in cells include extra amino 
acids, nucleotides and hormones (Morton, 1981). These chemicals are dissolved in very 
pure water e ither d is tilled  or de-ionised together w ith  a balanced salt solution to 
m aintain the ce ll osmotic pressure and to bu ffe r the medium (Waymouth, 1981). The 
optimum pH fo r the growth o f cells is between pH 6.8-7.8 (Eagle, 1974) and, since 
a r t if ic ia l cu lture  medium is trad ition a lly  designed to im ita te  the blood supply, sodium 
bicarbonate is often used as the buffe ring  agent. In closed culture vessels the carbon 
dioxide gas produced by ce llu la r metabolism keeps the pH w ith in  to lerab le lim its . 
However, in open cu ltu re  vessels where the carbon dioxide is free to  escape extra  
carbon dioxide gas must be supplied. An a lte rna tive  buffering system relies on 
zw itte rions such as HEPES (Good e t al,1966) however, sodium bicarbonate may s t i l l  be 
included in the medium fo r nu trition a l purposes (Harris, 1954). C u lture  medium 
usually contains selected an tib io tic  and antifungal agents to suppress com petitive  
extraneous m icrobia l growth (Telling and Radle tt, 1970). In addition, an ti-foam ing 
agents and viscosity-enhancing agents such as m ethyl cellulose and P iuronic F68 may 
also be included in the cu lture medium for the protection o f cells (Waymouth, 1972).
(e) Oxygen
Anim al cells like other microorganisms require oxygen fo r growth. This 
requirem ent is met from  the oxygen dissolved in the culture medium. Much o f the 
work to determ ine the optimum values o f dissolved oxygen fo r cultured animal cells 
has been carried out w ith  suspension cells since such stirred systems are homogenous 
and so are most easily monitored and contro lled. In general suspension ce lls grow best 
at a defined level o f dissolved oxygen (Spier and G riffith s , 1982), fo r example the 
maximum growth o f BHK suspension cells takes place at 50% o f the satura tion value 
o f dissolved oxygen (R ad le tt e t al, 1972a). Below the defined level of dissolved oxygen 
ce ll grow th is lim ite d  by lack o f oxygen but above the c r it ic a l value ce ll grow th 
declines due e ither to the to x ic ity  o f oxygen or from  mechanical damage to the cells 
caused by collis ion w ith  bubbles o f a ir (K ilburn and Webb, 1968). The precise reason 
has not ye t been determined since i t  is d if f ic u lt  to physically separate aeration from
the cells in one tank. To provide the necessary levels o f dissolved oxygen fo r 
maximum ce ll growth several approaches have been tried , these include blowing a ir 
across the surface o f the cu lture  and in jecting small bubbles o f a ir or oxygen d ire c tly  
in to the cu lture  medium. In simple, open, ce ll cu ltu re  systems oxygen is supplied by 
the pH contro l arrangement o f passing carbon dioxide gas in a ir across the surface o f 
the cu ltu re . As the scale o f submerged cu lture  increases this technique becomes 
increasingly inadequate. Since oxygen is re la tive ly  insoluble in water, 6.99 m g /litre  at 
35°C (P irt, 1975) the rate a t which i t  can be dissolved (the oxygen transfer ra te ) is 
c r it ic a l fo r cell growth (Spier and G riffith s , 1982). This rate is proportional to  the 
surface area o f the gas bubble so the sm aller the bubble the greater in the ra te  o f 
oxygen transfer. In large tanks this usually involves using a turbine im pello r ro ta ting  
at high speed and delivering gas through a pipe d irec tly  beneath the s tir re r  in order to 
produce a stream o f smaller bubbles. For e ffic ie n t aeration the oxygen transfe r ra te  
has to be determined fo r each vessel since i t  is an im portant cha racte ris tic  which 
depends on the physical arrangement of the tank. This together w ith  the known 
oxygen demand of the pa rticu la r cultured ce ll enables oxygen to be supplied e ff ic ie n tly  
fo r the optimum growth o f tha t ce ll. For cultured animal cells the oxygen demand is 
re la tive ly  low compared w ith  other cultured micro-organisms. For example, the 
oxygen demand of BHK suspension cells is 0.8 m M 02/g cells/hour (R ad le tt et al, 
1972a) and fo r escherichia co li is 10.8 m M 02/g cells/hour (Phillips and Johnson, 1961).
For smaller scale monolayer cultures in sealed bottles such as Roux flasks the 
amount o f oxygen already dissolved in the cu lture  medium together w ith  the oxygen 
contained in the space above the culture is adequate for cell growth. For example, a 
Roux flask has a headspace volume to medium volume ra tio  o f 9:1. When monolayer 
cultures are scaled-up in to un it processes, the headspace volume to  medium volume 
ra tio  is reduced dram atica lly . This laboratory’s 100 lit re  m icrocarrie r reacto r has a 
headspace volume to medium volume ra tio  o f 0.5:1. Additional oxygen must then be 
supplied to such cultures and this usually takes the form  o f a second reservo ir where 
m onitoring and contro l can take place (van Wezel, 1982; G riff ith s  et a l, 1980). The
oxygen demand o f monolayer cells, and the oxygen transfer rates o f small bottles, are 
d if f ic u lt  to measure because o f in su ffic ien t depth o f liqu id  in which to site the sensors. 
For example a Roux flask contains cu lture medium about 5 mm deep. This lack o f 
knowledge can lead to d iff ic u ltie s  when monolayer processes are scaled-up.
(f) Cu lture Apparatus
Suspension cells are grown in small s tirred  bottles which are usually driven 
m agnetically (Figure 1.2). This technique is sa tis factory fo r cultures up to 10 litre s  
volume (Fig. 1.3). The cu ltu re  o f suspension cells is capable o f being scaled-up to  
several thousands o f litre s  in stainless steel ferm entors (Plate 1.3). In contrast 
monolayer ce lls  are grown in the laboratory in small fla t-sided bottles such as Roux 
flasks. When large quantities o f such cells are required many hundreds o f such bottles 
are used which is unsatisfactory. The a lte rna tive  processes w ill be described next.
1.4 THE LARGE SCALE CULTIVATION OF MONOLAYER CELLS
Conventionally, monolayer cells are grown in the laboratory fo r investigational 
purposes in small fla t-s ided bottles. When large quantities o f monolayer cells are 
required fo r the production o f v ira l antigen or ce llu lar m etabolites a simple solution is 
to increase the number o f small bottles. Whilst this m ight be convenient i t  is 
in e ffic ie n t and labour intensive. The disadvantages o f such large scale production 
methods are (1) each bo ttle  is a separate reactor and so i t  is im practica l to m on ito r 
and contro l process parameters such as pH and dissolved oxygen fo r maximum 
p roductiv ity , (2) m onitoring of biological growth must be based on the exam ination o f 
a small number of bottles which may not be representative, (3) sampling involves 
opening many bottles, (4) the number o f process operations is increased and the 
manipulations required are labour intensive, and fina lly , (5) because o f the large 
number o f handling operations there is a high risk of contam ination from  extraneous 
microorganisms. These d ifficu ltues  would be overcome i f  the large scale c u ltiva tio n  
o f monolayer cells was carried out in a unit process.
Figure 1.2 Typical Small Stirred Bottle Used for the 
Culture of Suspension Cells
A. Glass bottle with capacity of about 500 ml
B. Teflon coated bar magnet on glass bearing
C. Rubber bung
D. Stationary glass rod
E. Ports for charging and removal of process fluids.
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(Bellco Glass Inc., Vineland, New Jersey)
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Figure 1.3 Simplified 8 l i t r e  Culture System for Suspension Cells
m
A
A. 10 l i t r e  Pyrex Bottle
B. Teflon coated 6 cm bar magn
C. Rubber bung
D. Sampling device
E. Aeration line
F. F ill and empty line
G. Air entry and exit line
H. Transfer line connection
I. Clamp for rubber bung
(Whiteside ejt aj_, 1983)
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P la te  No. 1.3 Industria l-sca le  stainless steel fe rm ento r
(a) Advantages of U n it Process Operations
By confin ing process operations to one vessel the biological and physical 
parameters required fo r optim um  ce ll, growth can be e ffic ie n tly  monitored and 
contro lled. To th is end, f sensors such;as those fo r temperature, pH and dissolved 
oxygen can be mounted in the vessel. These sensors can then be connected to 
e lectron ic contro llers capable o f correcting deviations from  pre-set levels. Using such 
equipment the optimum conditions fo r ce ll growth can be investigated and determ ined.
■ . .i
In addition, samples representative o f the whole cu lture  can be w ithdrawn at regular 
in tervals during the growth o f the cells. Such samples are then available fo r (1) the 
determ ination o f ce ll growth, (2) biochemical analyses, or (3) exam ination fo r the
presence o f unwanted m icrobia l contam ination. '; Furthermore, provision can be made
• v *  '  » r  ■' '  '■’*
fo r the aseptic removal o f samples, addition o f ndtrients, the removal o f products and 
the safe handling o f pathogens. The number o f process manipulations is reduced and 
operations are economic in la b o u r .S c a le -u p  to vessels w ith  capacities o f many 
thousands o f litres  can be carried out from  investigations made from  model systems of 
only a few hundred m illil it re s  capacity, v ‘.V  ‘
In summary, un it process systems should be more e ffic ie n t, be tte r contro lled, 
less contam inated, o f larger scale and less labour intensive 'than s im ila r m u ltip le  
operation systems. * > ,s 1 v ; ^
’ * *. . *.?’■ ' ** * i
(b) Large Scale U n it Process Monolayer Systems. ’* ••• *
i) M icrocarriers: One approach to the growth o f monolayer cells in a un it process 
is to use the submerged cu lture  equipment used fo r suspension cells but w ith  the 
provision o f a suitable substrate on which the cells can grow (Plate 1.4). The 
feas ib ility  o f such an arrangement was described by van Wezel (1967) using dextran 
partic les as m icrocarriers fo r the cells. A s im ilar process using DEAE Sephadex A50 
has also been used fo r the growth o f BHK monolayer cells and fo r the production o f 
foo t and mouth disease virus at the 200 ml scale (Spier and Whiteside, 1976). A lthough 
van Wezel (1967) reported sa tis factory  production at the 150 li t re  scale, the 
p re trea tm ent of the DEAE Sephadex by other workers has caused problems fo r
- 24 -
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P la te  No. 1.4 M onolayer ce lls growing on m ic ro ca rr ie r
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subsequent cell growth (Spier, 1980). A ttem pts have been made to produce be tte r 
m icrocarriers (Lewis and Volkers, 1978; Johannsson and Nielsen, 1979; Reuveny e t al, 
1979; Pharmacia Fine Chemicals, 1982) but cells w ith  low plating e ffic ienc ies  (those 
w ith  poor adhesion) are s t il l d if f ic u lt  to cu ltu re  sa tis fac to rily . When an e fficac ious 
m icrocarrie r is developed there w ill s t il l be the problem of accep tab ility  o f the 
derived ce ll products since the m icrocarrie r process has not been licensed fo r the 
production o f human therapeutic agents. This results from  the m ic roca rrie r process 
being considered a pseudo suspension cu lture  and such ce ll cu lture  being associated 
w ith  transformed cells. In addition, m icrocarrie r and submerged cu ltu re  systems have 
only lim ited  potentia l fo r development in process operations where rapid changes o f 
medium are required. For such cu lture systems, the separation o f ce lls from  cu ltu ret
flu id  by grav ity  is a lengthy operation. Furtherm ore, f ilt ra t io n  or cen trifuga tion  would
V : : ■
add to the com plexity o f the process and increase the risk o f extraneous m icrob ia l
* *
contam ination. ■’ v
ii)  Stacked plate processes: A lte rna tive  large-scale unit processes fo r the grow th 
o f monolayer ceils are based on the known technology o f stationary fla t-s ided bottles. 
Such systems have large areas o f f ia t surface available fo r ce ll growth. To make the 
apparatus manageable the necessary surface area is divided into a number o f f la t  
plates which are then stacked one above the other. In its simplest form  this consists
of a stack o f disposable plastic trays which are sold com m ercially as the M u lti-T ra y
'-Y * V l-:" ‘ '
(Gibco B io-C ult L td., Paisley; Scotland) arid is equivalent in surface area to  30 Roux 
flasks. The disadvantage o f the apparatus is .its lack .of compactness as 75% o f the 
to ta l volume is a ir space and the medium is stationary. Other reusable stacked p late 
systems in which the medium can be c ircu lated (Weiss and Schliecher, 1968; Mann, 
1972) have the plates positioned very closely together (less than 1 mm apart). The 
closeness o f the plates mean they must be very thin (Figure 1.4) and so construction  is 
d if f ic u lt .  Many m ateria ls have been used fo r p late construction though none is w ithou t 
drawbacks. For example, glass plates tend to break during s te rilisa tion , stainless steel
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(Weiss and Schleicher, 1968)
Figure 1.4 Stacked Plate Propagator for Monolayer Cells
plates need supporting and titan ium  plates are expensive. Despite these problems, 
stacked plate monolayer systems have been operated to several hundreds o f l i t re  
capacity. Another d iff ic u lty  w ith  stacked plate processes is that a ll the plates must 
be immersed in cu lture flu id  which reduces process fle x ib ility . This may be overcome 
by turning the plates ve rtica lly  a fte r the cells have become attached, w ith  the plates 
mounted horizonta lly (Molin and Heden, 1967; L itw in , 1971). By ro ta ting  the plates 
during ce ll growth the volume o f medium needed in the ce ll growth vessel can be 
reduced (P late 1.5). Such an arrangement requires special sterilisab le  fle x ib le  
couplings which can be cumbersome and expensive fo r large equipment. In a ll stacked 
plate systems i t  is d if f ic u lt  to ensure the even d istribu tion o f cu ltu re  medium across 
the whole surface o f each plate (Spier, 1980). In addition, ro ta ting  versions o f stacked 
p late reactors su ffe r from  the tendency o f cells to be dislodged from  the plates 
because of surface tension (L itw in , 1971).
(c) Novel Small-Scale U n it Process Monolayer Systems
Since the available large-scale unit process monolayer systems su ffe r from  
serious defects in th e ir basic design consideration w ill now be given to  a lte rna tive  
small-scale apparatus. Several novel un it processes fo r the growth of monolayer cells 
have been reported which may o ffe r scope fo r development.
i) Gas permeable tubing: Monolayer cells have been grown on the inner walls o f 
gas permeable Teflon tubing wound in coils and housed in an incubator (Jensen, 1979). 
The gaseous environment inside the incubator being e lectron ica lly  contro lled  w ith in  
preset lim its  fo r pH, dissolved oxygen and PCO2 from  sensors mounted in the cu ltu re
medium which was circu lated through the coils o f tubing by a pe ris ta ltic  pump. Each
2 •  • ' co il o f tubing had a surface area o f 10,000 cm equivalent to 50 Roux flasks and i t  is
claimed tha t 20 such coils can be housed w ith in  the incubator. The disadvantages o f
th is  process is that, although each co il is a separate reactor, contro l is common to a ll
the coils o f tubing. In addition, gas diffusion through the tubing depends on the
thickness and type o f tubing used. The tubing is also liab le to rupture  from  the
constant fr ic tio n  o f the pe ris ta ltic  pump and so may present a hazard i f  pathogenic
organisms are grown in the apparatus.
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Plate No. 1.5 Rotating stacked plate propagator for monolayer
cells
ii) P lastic film s : The gas perm eability  and ce ll growth characteristics o f p lastic  
f ilm  have been used to design and build monolayer propagators. One such system used 
the plastic f ilm  in the form  o f f la t  bags which could be la id on the trays o f an 
incubator (Munder e t al, 1971). This arrangement allowed both in terna l faces o f the 
f ilm  to be used fo r ce ll growth but is not suitable fo r development in to  an indus tria l- 
scale process. An a lte rna tive  use o f p lastic f ilm  fo r the growth o f monolayer ce lls  is 
to fashion i t  in to spirals which can then be housed inside ro lle r bottles to increase the 
surface area. Such a device using Melinex polyester f ilm  mounted in a 2 l i t re  bo ttle
.  • t i  ‘  •-* '  '
was described by House et al, ;(1972).V This apparatus had 6,000 cm (equivalent to  30 
,:Roux flasks) o f surface area available fo r ce ll growth (F ig . l05). - Cells were allowed to 
attach to the growth surface w h ils t the bo ttle  was ro lling  horizonta lly  and then the 
bo ttle  4was mounted upright so tha t the cu lture  medium could be c ircu la ted  by *an 
a ir l i f t .  A disposable version o f this apparatus made from  polystyrene, is available 
‘ com m ercia lly from xS terilin  L td , Teddington, Surrey, and has a larger surface area o f 
,8,500 cm , equivalent to 42.5 Roux flasks. However, both systems contain in su ffic ie n t 
medium to  make them rea lly  equivalent to" Roux flask cultures. The development o f 
•larger versions ,o f the spiral propagators would require specia l‘machinery fo r ro iling  
the vessels, and when mounted upright i t  would be d iff ic u lt  to ensure tha t the cu ltu re  
medium flowed evenly throughout the apparatus. In addition, there is no suitable 
location fo r the necessary sensors w ith  which to contro l the biological parameters o f 
ce ll growth
ii i)  Hollow fib res: Monolayer cells have been grown successfully on the surface 
o f small hollow cap illa ry tubes w ith  an external diameter o f 0.25 mm and a w a ll 
thickness o f 0 .025  mm (Knazik et al,1972). Medium was circu lated both through the 
fibres and over the cells making the system m im ic the cell's natura l environm ent 
(Fig.1.6). Useful as this device is fo r the study o f cells i t  is lim ited  fo r development 
in to a large scale apparatus because of the small size o f the hollow  fib re  units 
available. In addition, the composition o f the fibres does not lend its e lf  to 
s te riliza tion  w ith  steam and i f  chem ical methods are used i t  is d iff ic u lt  to  ensure tha t 
all the chemical is removed from  the biological growth surfaces a fte r  use.
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Figure 1.5 Spiral Film Propagator for Monolayer Cells
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(House et aj_, 1972)
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Figure 1.6 Hollow Fibre Culture System for Monolayer Cells
f i l t e r
h o l l o w  f i b e r
fn
\
~^ W) -
^C 7
PUMP
3Z71
SAMPLING
S IT E
^ / T
INCUBATOR: 36.5 ®C 
5% CO2 IN AIR 
1 0 0 %  RH
RESERVOIR
(Wolf, 1980)
-32-
Furthermore, the cells tend to form  bridges between the fibres and to grow in uneven 
clumps (Spier,1980). F ina lly, medium c ircu la tion  is linear through the fibres and th is 
can result in the uneven supply o f nutrients to the cells.
iv) Packed beds; A large area o f substrate surface can be contained in a sm all 
volume when the substrate is formed from  many small particles. Several systems fo r 
the growth o f anchorage dependent cells have been reported which use s ta tic  packed 
beds o f d iffe re n t particu la te  m ateria l through which the culture medium is c ircu la ted . 
These include (1) jacks (Pagano and Valento, 1973), (2) diatomaceous earth (Ratner et 
al, 1978) and (3) glass helices (McCoy et al, 1962).
For a successful s ta tic  packed bed reactor the substrate should be composed o f 
pa rticu la te  m ateria l which (1) is capable o f supporting ce ll growth, (2) has the greatest 
surface area contained in the smallest volume and (3) can be arranged to present the 
minimum disturbance to  the flow  of medium. These considerations are best m et by 
using glass spheres fo r the three-dimensional substrate. Small glass beads (less than 1 
mm diameter) arranged on the bottom  of P e tri dishes have been shown to  support the 
growth o f monolayer cells (Waters and Walford, 1971; Kolodny, 1973). Large glass 
beads (3 mm diameter) arranged in a packed bed were used fo r the growth o f L ce lls by 
Robineaux e t al (1970). For this simple cu lture apparatus the cu ltu re  medium was 
c ircu la ted round the system by a pe ris ta ltic  pump. An improved version o f th is packed
ii
bed reactor was used fo r the growth o f human diploid cells by Wohler e t al (1972). The 
improved propagator shown in F ig .1.7 was f it te d  w ith  sensors fo r contro l o f both pH 
and medium level contro l. In addition larger glass beads (3.3 to 4 mm diam eter) were 
used which were housed in a specially made cone-shaped reservoir. The to ta l surface 
area o f the substrate was 1M (equivalent to 50 Roux flasks). U n fortunate ly , la rger 
versions o f this pa rticu la r packed bed reactor were d iff ic u lt  to make because o f the 
shape o f the substrate chamber.
The use o f s ta tic  packed beds composed o f small partic les fo r the grow th o f 
anchorage dependent cells allows a wide choice o f m aterials fo r the ce ll substrate. In
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Figure 1.7 Packed Bed Reactor for the Growth of Monolayer Cells
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addition, the chosen substrate can be formed into d iffe ren t shapes in a range o f sizes. 
This allows packed beds to be formed and contained in chambers w ith  d iffe re n t 
configurations. Culture medium, can be circu la ted through such packed substrate beds 
using a varie ty o f pumping devices so tha t every part o f the substrate bed operates 
under the same process conditions. These conditions which include (1) tem perature, (2) 
pH and (3) dissolved oxygen can be monitored and autom atically contro lled by sensors 
mounted at suitable sites w ith in  the process system.
The above considerations lead to the selection o f the s ta tic  packed bed technique 
fo r the investigation and developmnent o f a new large-scale un it process fo r  the 
growth o f anchorage dependent ceils and the production o f ce llu lar m etabolites. How 
this was done and how its  performance was evaluated w ill be described in subsequent 
chapters o f this report.
Chapter 2
Pre lim inary Investigations
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2.1 INTRODUCTION
One o f the most e ffe c tive  controls against foot and mouth disease is 
prophylactic immunisation w ith  inactivated vaccine. On an industria l scale the 
preferred way o f producing foo t and mouth disease v ira l antigen is from  
submerged cultures o f BHK cells. U nfortunate ly not a ll strains o f foo t and 
mouth disease virus can be adapted to this type o f ce ll cu ltu re  (Pay and 
Schermbrucker, 1974). New variants o f the disease are constantly being 
discovered and i f  one o f these reached epidemic proportions and could not be 
grown in submerged cultures o f BHK cells the foot and mouth disease con tro l 
measures would be in jeopardy. Fortunate ly a ll strains of foo t and mouth disease 
virus w ill grow in cultures o f monolayer cells since this is the basis o f laboratory 
diagnosis. To produce large quantities of foot and mouth disease v ira l antigen 
conventionally in monolayer cells many thousands o f small bottles would be 
required. This method o f production is in e ffic ien t because (1) each bo ttle  is a 
separate reactor, (2) contro l of the environment inside each b o ttle  is d if f ic u lt ,  
(3) representative sampling is a problem and can cause contam ination, and (4) the 
process is labour intensive and requires a great deal o f space. For large scale 
operations, un it processes are more e ffic ie n t than m ultip le  systems because they 
are (1) more compact, (2) less demanding in manpower, (3) homogenous, (4) can 
be sampled representatively, and (5) are adaptable to contro l variable process 
parameters. A requirement exists fo r a large scale un it process monolayer 
system capable of producing foo t and mouth disease v ira l antigen both from  
established ce ll lines such as BHK monolayer cells and from  anchorage dependent 
cells derived from  the natural hosts of foot and mouth disease virus.
To develop a unit process monolayer system one approach would be to 
provide a suitable substrate fo r monolayer cells which would enable them  to 
grow as a pseudo suspension cu ltu re  in the equipment already ava ilab le  fo r 
submerged cultures of BHK cells. The feas ib ility  o f such an arrangem ent was 
demonstrated by van Wezel (1967) who used dextran partic les as m icroca rrie rs
fo r the growth o f HEL monolayer cells and the production o f polio virus. Spier 
and Whiteside (1976) used a s im ila r system to grow BHK monolayer cells fo r the 
production o f foot and mouth disease virus at the 200 ml scale. U n fortunate ly  
scale-up o f th is technique has proved d if f ic u lt  because of poor rep roduc ib ility  
and the need to use trypsinised ce ll inoculums. For this approach to  succeed a 
more re liab le substrate was required.
A substrate was required which would, (1) support cell growth, (2) have a 
low density so tha t i t  could be kept in suspension by mechanical s tirr in g , and (3) 
be readily available in a varie ty  o f forms. Polystyrene met the requirem ents and 
so experiments were conducted w ith  th is p lastic in granular form . 
U nfortunate ly, the chosen polystyrene granules did not support ce il grow th. This 
was overcome by making the surface o f the granules more hydroph ilic  by 
trea tm ent w ith  oxidising agents. When the treated polystyrene granules were 
held in a stationary bed w ith  c ircu la ting  culture medium BHK monolayer cells 
grew sa tis fac to rily . However, BHK monolayer cells did not grow sa tis fa c to rily  
when the treated polystyrene granules were agitated. Since e ffic ie n t ce ll growth 
on treated polystyrene granules was only possible when the beads were s ta tionary 
there was no longer a need fo r a low density substrate. The new un it process 
monolayer ce ll propagator could be developed w ith  a more conventional and 
easily re-usable substrate.
The most conventional substrate fo r the growth o f anchorage dependent
cells is and the most suitable form  of this m ateria l fo r a packed bed
i I " - -  ■' ■ - .......... ■ ■ : ■
is! a f  sphere . Static glass spheres have been used to grow monolayer ce lls in 
! - 
P e tri dishes using (1) 0.2 mm diam eter beads (Kolodny, 1973), and (2) 0.5 mm
diam eter beads (Waters and W alford, 1971). Monolayer cells have also been
grown in a packed bed o f 3.5 - 4.0 mm diameter glass beads contained in a
it
specially designed conical chamber (Wohler et al, 1972). The packed bed fo r the 
new un it process monolayer ce ll propagator was formed from  3 mm d iam eter 
borosilicate glass spheres (Axa Ltd). The new propagator was designed and
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constructed to have an area available fo r cell growth and medium volume 
equivalent to tha t in a Roux flask. The investigation o f the growth o f BHK 
monolayer cells and the production o f three strains o f foot and mouth disease in 
glass sphere propagators and Roux flasks is reported below.
2.2 MATERIALS
(a) Medium
The medium used was Eagle's m inimum essential medium (Eagle, 1959) 
m odified in two ways, (a) by Stoker and MacPherson (1961) to contain tw ice  the 
normal concentration o f amino acids and vitam ins, w ith  the addition o f 2 g / litre  
tryptose phosphate broth (D ifco  Ltd), and (b) by Telling and Stone (1964) to  
contain 3 .6g /litre  glucose and 2 .2g /litre  sodium bicarbonate. For ce ll grow th the
medium was was supplemented w ith  10% unheated adult bovine serum.
/ '
Extraneous m icrobia l contam ination was inhib ited by the addition o f pen ic illin  G, 
polymyxin and neomycin at 100 un its /m l o f medium respectively. Foaming was 
prevented w ith  antifoam  emulsion RD (Midlands Silicon L td) added at 0.2 m l per 
lit re  o f cu lture  medium.
Medium was prepared in 150 li t re  batches from  double d is tilled  w a te r, as 
described in Section 2.3, and sterilised by f ilt ra tio n  through 20 EKS/1 pads (Seitz 
Ltd) contained in a 20 cm x 20 cm lacquered plate Carlson Princess f i l te r  press 
(Carlson Ford Ltd), previously sterilised fo r 90 min at 10 psi by in -p lace 
steaming. The f ilt ra te  was collected in 100 litre  stainless steel barre ls and 
stored in 4°C cold rooms. Before the stored medium was used i t  was dispensed 
in to 2 litre  glass bottles and tested fo r extraneous micro-organisms, as described 
in Section 2.3.
(b) Baby Hamster Kidney Cell Lines
i) Monolayer cells: The monolayer line o f baby hamster kidney (BHK) ce lls  
was derived by Stoker and MacPherson (1964) in two stages from  the kidneys o f 
normal, one-day old Syrian hamsters. This source produced the p rim ary  ce ll 
cu lture , designated BHK21 since it  was derived from kidney o f hamsters in l i t t e r
-39-
number 21. Individual cells o f BHK21 were cloned to form  the ce ll line which 
was styled BHK21 clone 13. Stocks of this fib rob lastic  ce ll line were m aintained 
beyond the 68th serial passage in Roux flasks.
ii) Suspension ce lls i The suspension ce ll line o f BHK cells was started from  
the 110th monolayer passage o f BHK21 clone 13 cells by Capstick e t al (1962). 
Stocks o f these cells were maintained between the 25th and 50th suspension 
passage levels in s tirred  one gallon jars (Telling and Elsworth, 1965).
(c) Foot and Mouth Disease Virus Strains
Three strains of foo t and mouth disease virus were selected to compare the 
suscep tib ility  o f BHK monolayer cells grown on the surface o f 3 mm diam eter 
glass spheres w ith  s im ila r cells grown in Roux flasks and w ith  BHK suspension 
cells. The C N oville  strain grows well in both monolayer and suspension cells and 
was chosen as a positive contro l of v ira l susceptib ility. In contrast the O Hong 
Kong 21/70 stra in grows poorly in both types o f ce ll cu lture. The th ird  chosen 
strain, A 22 Greece 1/72, grows well in monolayer cells but could not be adapted 
to grow in suspension cells and so was a potentia l problem fo r large scale vaccine 
m anufacturers whose production was based on BHK suspension cells.
(d) Roux Flasks Used fo r the Growth o f Monolayer Cells
The Roux flasks used were made of Pyrex glass and had a volume o f 1 l i t re .
They were calculated to have a planar surface available fo r ce ll grow th o f 200 
2cm .
(e) Propagators w ith  the Substrate Held in a Packed Bed Used fo r the G row th o f 
Monolayer Cells.
For these propagators the substrate fo r cell growth was arranged as a 
packed bed o f small beads which enabled a large surface area to be contained in 
a small volume. This provided f le x ib ility  fo r both the design o f the conta iner 
holding the packed bed and the process operations. For good ce ll g row th each 
bead should have the same environmental conditions as its  neighbour. I t  was 
possible to provide this requirement because the design o f the propagator le n t 
its e lf readily to process contro l.
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The amount of surface area provided by both types o f beads used, 
polystyrene granules and 3 mm diameter glass spheres was calculated from  the 
assumption tha t only the upper ha lf o f eachbeadwas available fo r ce ll grow th.
i) 26 cm polystyrene granule propagator: The surface provided fo r ce ll 
growth in this apparatus, shown in Figure 2.1, was formed from  a bed o f 200 
treated polystyrene granules (21 cm ), and the bottom of a Universal bo ttle . 
Medium was c ircu la ted through the substrate bed by an a ir l i f t  made from  an 18 
gauge x 3 |  in stainless steel hyperderm ic needle (Sc ien tific  Supplies L td) 
mounted inside a 3/16 in diam eter x 1 in stainless steel tube. A m ixture  o f 5% 
CO2 in air, contro lled by a Hoffm an clip  (S c ien tific  Supplies Ltd), was fed to  the 
a ir l i f t .  E ffluen t gas from  the propagator passed through a 16 gauge x l j  in 
hyperderm ic needle (M arojet 200). Both the in le t and outle t gases were arranged 
to  pass through 45 mm diam eter Swinnex f i l te r  holders containing GS membranes 
(M illipore  UK Ltd).
ii)  26 cm glass sphere propagator: This apparatus only d iffe red  from  tha t 
described above by using 178 (6.4g) 3 mm diameter borosilicate glass spheres
(Axa Ltd) to form  the substrate bed.
2
iii)  Mk 1 200 cm glass sphere propagator: This propagator, shown in F igure
2
2.2, was designed to have the same surface area (200 cm ) and uses the same 
volume of medium (100 ml) as a Roux flask. The required surface area was 
formed from  a bed of 3 mm diameter glass spheres (189.7 cm ) and the bo ttom  
o f the containing vessel (10.3 cm ). The 1370 (49.5g) glass spheres form ed a bed 
3.5 cm deep when housed in the containing vessel which was made from  a cu t 
down 250 ml glass measuring cylinder w ith  a capacity o f 200 ml and an in te rna l 
diam eter of 3.8 cm. The containing vessel was closed w ith  a N o . l l  s ilicone 
rubber bung (S c ien tific  Supplies L td) through which passed the in le t and o u tle t 
gas lines. Both o f these gas lines were attached to Foramaflow in -line  f ilte rs
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Figure 2.1 26 cm Polystyrene Granule Propagator
A. Effluent gas f i l t e r
B. Inlet gas f i l t e r
C. Metal bottle cap
D. Culture medium
E. A ir l i f t  pump
F. Polystyrene granules
G. Universal bottle
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Figure 2.2 Mk I 200 cm glass sphere propagator
A. Effluent gas f i l te r
B. Inlet gas f i l t e r
C. Silicone rubber bung
D. Culture medium
E. A ir li f t  pump
F. Glass spheres
G. Cut-down 250 ml measuring cylinder
D
(Foram aflow Ltd). Medium was circu lated through the substrate bed by a glass 
a i r l i f t  w ith  a 7 mm diam eter x 7 cm l i f t  pipe and a 1 mm diameter footpiece 
which term inated 1.5 cm above the bottom  flu id  entry. A m ixture  o f 5% CC^ in 
a ir (BOC Ltd) was passed to the a ir l i f t  via a 0-100 cc/m in  flow m eter {P laton 
L td), and a type A F losta t (Platon L td) to counteract the hydrosta tic  back 
pressure.
2iv) Mk II 200 cm glass sphere propagator: A diagram o f th is apparatus is
shown in Figure 2.3 and a photograph in Plate 2.1. The Mk II version was
2
developed from  the Mk I 200 cm glass sphere propagator in order th a t the 
physical parameters o f the un it process monolayer system could be a ltered and 
optim ised. The new propagator had separate chambers fo r the glass spheres and 
the medium but retained the Roux flask equivalence o f the prototype. In the Mk 
II version the 3 mm diameter glass spheres were housed in a 25 m l capacity  glass 
chamber, made from  3.4 cm diameter tubing, and provided w ith  a hem ispherical 
bottom  fo r e ffic ie n t drainage. To prevent the loss o f glass spheres from  the 
glass sphere chamber the bottom  outle t was restric ted  w ith  a short length o f 
tw isted stainless steel w ire. The 100 ml capacity medium reservoir was made 
from  3.4 cm diameter glass tubing and was f it te d  w ith  a medium overflow  side- 
arm. This device allowed medium to leave the medium reservoir and enter the 
top o f the glass sphere chamber. Medium was drawn through the bed o f glass 
spheres and returned to the medium reservoir by an a ir l i f t  pump (Fig. 2.4). The 
a ir l i f t  pump had the same working dimensions and used the same gas m ix tu re , 
flowm eters and filte rs  as that previously described in Section 2.2.
(f) Suspension Cell Culture Apparatus
i) AVRI spinners: The usual way o f growing BHK suspension ce lls and foo t 
and mouth disease virus at the laboratory scale is in AVRI Spinners (Sm ith and 
Burrows, 1963). This apparatus (Fig. 2.5) consists o f a 500 m l capacity  vessel, 
made in two parts from  3 in diam eter glass tubing, w ith  separate ports fo r the 
in le t and ou tle t gases and fo r sampling. Ag ita tion is provided by a PTFE covered 
bar magnet mounted on a Tufnol rod.
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Figure 2.4 A ir l i f t  Pump Used :for Mkf; I I  200 cm . GJass• Sphere Propagator
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B. Length of lif t-p ip e , 7 cm.l i f tofLength _ . . .
Internal diameter of footpiece, 1 mm
Figure 2.5 AVRI Spinner Culture for Suspension Cells
(Smith, H M. and Burrows, T.M., Lab. Practice,
77722
12 , 451-453 , 1963)
Top beoring socket. 
Bottom beoring socket 
Liquid seal trap.
B K socket.
Stirrer shaft
ii)  S tirred blood b o ttle : These culture vessels, shown in Fig. 2.6 were used 
as a simple a lte rna tive  to the AVRI Spinners. The new vessels were fashioned 
from  a 500 ml capacity blood transfusion bo ttle  f it te d  w ith  a silicone rubber 
Roux flask bung covered w ith  t in fo il,  in to which was mounted a Foram aflow  in ­
line f i lte r .  A 5 cm Teflon covered bar magnet (Scien tific  Supples L td) provided 
ag ita tion, at 150 rpm, when the culture vessel was positioned in a 
therm osta tica lly  contro lled waterbath mounted above a driven magnet assembly 
(Smith and Burrows, 1966).
.3 METHODS
(a) Measurement o f Cell Concentration
The number o f cells in a preparation was determined using an 0.2 mm 
Fuch-Rosenthal haemocytometer and a X30 m agnification binocular m icroscope. 
A 1 m l aliquot o f cell suspension was diluted in 0.25% trypan blue solution so 
tha t the haemocytometer contained between 125 and 200 cells (Te lling  and 
Stone, 1964). Cell v ia b ility  was assessed by the perm eability o f ce lls  to  the 
trypan blue (McLimans e t al, 1957) and was generally greater than 95%.
(b) In itia tio n  o f BHK Monolayer Cell Growth
Before use the ce ll growth medium was adjusted to  pH 7.4 w ith
concentrated hydrochloric acid and then warmed, along w ith  the cu ltu re
2
apparatus, to  37°C. A ll cultures of monolayer cells used 0.5 ml medium per cm 
o f available surface area, and were inoculated w ith  5 x 10^ viable ce lls /cm ^ o f 
available surface area, corresponding to 1 x lO^viable ce lls /m l medium. C e ll 
growth was carried out at 37°C fo r 96 hours a fte r which tim e the ce lls were 
e ithe r (a) recovered using techniques described in Section 2.3 or (b) in fec ted  w ith  
virus using procedures described in Section 2.3.
i) Roux flasks: The inoculum was 10 x 10^ viable cells in 100 m l ce ll
growth medium. During the growth process the Roux flasks were sealed w ith  
s ilicone rubber bungs which were covered w ith  aluminium fo il.
Figure 2.6 Stirred Blood Bottle for Suspension Cells
A. Gas f i l t e r
B. Roux bung
C. Blood bottle
D. Teflon coated bar magnet
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2ii) 26 cm polystyrene granule propagators: A concentrated inoculum o f 13 
x 10^ viable cells in 1.5 ml ce ll growth medium was added to  the vessel which 
was then isolated from  the environment by Hoffm an clips on the in le t and o u tle t 
gas lines. Five hours la te r a fu rthe r 13.5 m l ce ll growth medium was added to 
the vessel. C ircu la tion  o f the medium was started, 24 hours a fte r the cells were 
introduced, by adm itting  5% CC^ in a ir to the a ir l i f t  at the ra te  o f one bubble 
per second.
i i i)  26 cm glass sphere propagator: The technique was the same as tha t
?described above fo r the 26 cm polystyrene granule propagator.
iv) Mk I 200 cm glass sphere propagator: A concentrated inoculum, o f 10 
x 10^ viable cells in 20 ml ce ll growth medium was added to the propagator 
which was then isolated from  the environment by Hoffman clips on the in le t and 
ou tle t gas lines. Five hours la te r the remaining 80 ml ce ll growth medium was 
added and the vessel resealed. A fte r a fu rthe r 19 hours the Hoffm an clips were 
removed and c ircu la tion  o f the medium started by passing 5% CC^ in a ir to  the
a ir l i f t  at a ra te  o f 15cc/m in.
2v) Mk II 200 cm glass sphere propagator: The medium lines leading to  and 
from  the glass sphere chamber were f irs t closed w ith  Hoffman clips. Then the 
silicone rubber bung was removed from  the glass sphere reservoir so tha t the 
concentrated inoculum o f 10 x 10^ viable cells in 20 ml ce ll growth medium 
could be added. A fte r re fitt in g  the silicone rubber bung, 80 m l ce ll grow th 
medium was added to the medium reservoir which was then sealed from  the 
environment. The clips isolating the propagator from  the environment were 
removed 24 hours a fte r the in troduction o f the cells and c ircu la tion  o f the 
medium started by passing! 5% CO^ in a ir to the a ir l i f t  at a rate o f 15 cc /m in .
(c) In itia tio n  o f BHK Suspension C e ll Growth.
Before use the ce ll growth medium was adjusted to pH 7.4 w ith  
concentrated hydrochloric acid and then warmed, together w ith  the cu ltu re  
apparatus to 37°C. Cultures o f suspension cells were started at 5 x 10^ viable
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ce lls /m l medium were incubated at 37°C fo r 48 hours. A fte r  this tim e the cells 
were e ither (a) recovered by techniques described in Section 2.3, or (b) in fected  
w ith  virus using procedures described in Section 2.3.
i) AVRI spinners: Each vessel received 100 x 10^ viable cells in 200 m l ce ll 
growth medium. During ce ll growth the cultures were s tirred  a t 150 rpm and had 
5% CO2 in a ir at a ra te  o f 15 cc/m in  passed over the liquid surface.
ii) Stirred blood bo ttles ; The Inoculum was 100 x 10^ viable ce lls in 200 m l 
ce ll growth medium. During the ce ll growth the cultures were s tirred  a t 150 rpm 
but not gassed.
(d) Recovery o f BHK Monolayer Cells.
The techniques described below fo r recovering cells from  monolayer 
cu lture  apparatus were carried out at 37°C. To fa c ilita te  these operations the 
necessary reagents were warmed to 37°C before use. Adult bovine serum was 
used to neutralise the action o f the 0.25% trypsin solution before the cells were 
mono dispersed by expressing the suspension from  a 10 m l p ipette  several tim es. 
The number o f cells recovered was determined by sampling the preparation and 
counting the cells as described in Section 2.3.
i) Roux flasks: The ce ll growth medium was decanted and replaced w ith  15
ml trypsin solution fo r 15 min. Five m l o f serum was then added.
2
ii) 26 cm polystyrene granule propagators: Two methods were used:-
a) the cell growth medium was poured o f f  and replaced w ith  5 m l phosphate 
buffered saline. A fte r  gentle ag ita tion the phosphate buffered saline was 
decanted and 3 m l trypsin solution was added. Five minutes la te r the vessel was 
gently shaken and then shaken again a fte r a fu rther 5 min. Seven m l o f  fresh 
ce ll growth medium was then added, b) The cell growth medium was tipped o f f  
and the beads emptied in to a Universal bo ttle  which then had 5 m l phosphate 
buffered saline added to it .  A fte r gentle agita tion the phosphate bu ffe red  saline 
was poured o ff  and replaced w ith  3 ml trypsion solution. Five m inutes la te r the 
beads were shaken and this action was repeated a fte r a fu rthe r 5 m in. Seven m l
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fresh ce ll growth medium was then added.
2
iii)  26 cm glass sphere propagator: The two techniques described above
2fo r the 26 cm polystyrene granule propagator were also used fo r these 
propagators.
iv) Mk I 200 cm glass sphere propagators: Two methods were used:-
a) The cell growth medium was removed w ith  a 100 m l p ipette  u n til only enough 
remained to cover the glass spheres. The remaining medium was removed w ith  a 
Pasteur p ipette  and the glass spheres transferred to a 100 ml glass beaker to  
which was then added 15 m l trypsin solution. During the trypsin isation process 
the glass spheres were gently shaken at 5 min intervals. A fte r  15 min o f th is 
trea tm ent 15 m l o f serum was added. Cells were recovered from  the empty 
propagator w ith  5 ml trypsin fo r 15 min during which tim e the vessel was gently 
shaken at 5 min in tervals. Five m l serum was then added to  the propagator.
b) The ce ll growth medium was removed w ith  a 100 ml p ipette  u n til only enough
remained to cover the glass spheres. The remaining medium was removed w ith  a
Pasteur p ipette  and then 15 ml trypsin solution was added to the propagator
which was then gently shaken at 5 min in tervals fo r 15 min. A fte r  th is tim e 15
ml o f serum was added.
2v) Mk II 200 cm glass sphere propagator: Two techniques were used -
a) The medium lines leading to and from  the glass sphere chamber were closed 
w ith  Hoffm an clips and the silicone rubber bung removed. The ce ll grow th 
medium was drained from  the glass spheres by disconnecting the medium lines 
from  the bottom  of the glass sphere reservoir. The glass spheres were 
transferred to a 100 ml glass beaker to which was added 15 ml trypsin solution. 
During the trypsin isation process the glass spheres were gently shaken at 5 m in 
in terva ls. A fte r  15 min o f this trea tm ent 15 ml of serum was added. Cells were 
recovered from  the empty glass sphere reservoir by f irs t clamping o f f  the
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medium drain line and adding 5 ml trypsin solution. The chamber was gently 
shaken at 5 min in tervals fo r 15 min when 5 m l serum was added,
b) The medium lines leading to and from  the glass sphere chamber were closed 
w ith  Hoffman clips and the silicone rubber bung removed. The ce ll grow th 
medium was drained from  the glass spheres by disconnecting the medium line 
from  the bottom  o f the glass sphere reservoir. The disconnected pipe was then 
re fitte d  and 15 m l trypsin solution added to the glass sphere reservoir which was 
shaken at 5 min in terva ls fo r 15 min. Five m l serum was then added.
(e) Recovery o f BHK Suspension Cellls
i) AVRI spinners: The cu lture  was poured in to a 1 l i t re  polypropylene 
centrifuge bo ttle  (MSE L td) which was then centrifuged using a M is tra l 6L 
centrifuge (MSE Ltd) fo r 5 min at 2,5000g. A fte r  this treatm ent the supernatant 
flu id  was decanted and replaced w ith  a known volume of fresh growth medium. 
A mono dispersed cell suspension was then prepared by expressing the ce ll pe lle t 
and medium from  a 10 ml p ipette  several times. The number o f cells in the 
preparation was determined using the procedure described in Section 2.3.
ii) Stirred blood bottles: As described above fo r AVRI Spinners.
(f) Assays o f Foot and Mouth Disease Suspensions.
i) Infectious virus: Detected by the plaque assay test (Cooper, 1962), using 
BHK monolayer cells, and quantified as plaque forming units per m ill it re  
(p fu /m l).
ii)  Antigenic virus: Measured as to ta l antigen by the complement fixa tio n  
test (Bradish et al, 1964) as complement fix ing  units per m illitre  (c fu /m l).
(g) Foot and Mouth Disease Virus Growth in BHK Monolayer Cells.
Before use the virus growth medium was adjusted to pH 7.2 w ith  
concentrated hydrochloric acid and then warmed to 37°C. A liquots o f virus w ith  
a t i t re  in excess o f 10^ p fu /m l stored in bijou bottles a t -70°C were thawed 
quickly by holding the bo ttle  in a stream of hot tap water. C u ltures were 
sampled fo r maximum infectious foot and mouth disease virus a t 24 hours and 
again at 48 hours fa r maximum foot and mouth disease antigen.
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i) Roux flasks: The ce ll growth medium was decanted and replaced w ith  
100 m l virus growth medium to which was then added 1 ml stock virus seed.
ii)  Mk III glass sphere propagators: The ce ll growth medium was drained 
from  the propagator by tem porarily  disconnecting the medium line from  the 
bottom  o f the glass sphere reservoir. Then the propagator was re fille d  w ith  100 
m l virus growth medium which was poured in to the medium reservoir from  where 
i t  flowed in to  the glass sphere chamber. One m ill i l i t re  o f stock virus seed was 
added to the medium reservoir and medium c ircu la tion  started by passing 5% 
CO2 in a ir to the a i r l i f t  at a ra te  o f 15 cc/m in.
(h) Foot and Mouth Disease Virus Growth in BHK Suspension Cells.
The conditions j  fo r ; the growth o f foot and mouth disease virus in BHK 
suspension cells were the same as those described fo r BHK monolayer ce lls  in 
Section 2.3.
i) AVRI spinners: A concentrated ce ll inoculum o f 400 x 10^ viable BHK 
suspension cells in a known small volume of virus growth medium was in troduced 
in to  the vessel. Su ffic ient virus growth medium was then added to increase the 
cu ltu re  volume to 198 m l. Two ml stock virus seed was then added to make the 
to ta l cu lture  volume 200 m l. During virus growth the cultures were s tirred  a t 
150 rpm and had 5% CO2 in air, at a ra te  o f 15 cc/m in, passed over the liqu id  
surface.
ii) Stirred blood bottles: Virus cultures in these vessels were not gassed. In 
other respects, conditions were the same as those described above fo r AVRI 
Spinners.
(i) Q uality Control
i) Serum: The unheated adult bovine serum used in both the ce ll grow th and 
virus growth mediums was tested fo r its  ab ility  to promote the m u ltip lic a tio n  o f 
BHK monolayer cells (Bolt et al, 1978).
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ii) D is tilled  w ater: Double d is tilled  water was produced from  AVRI single 
d is tilled  water in a 15 gal/hour steam heated glass s t il l (Fison L td) and stored a t 
80°C. This reduced the level o f m icrobia l contam ination in un filte red  medium 
and so prevented product contam ination caused by overloading the depth type 
filte rs .
ii i)  Detection o f extraneous micro-organisms: Two m icrob io log ica l grow th 
media were used.
a) Agar Plates
These were 9 cm diam eter bacterio logical grade polystyrene P e tri dishes 
(S te rilin  Ltd) containing approxim ately 10 ml o f 4% blood agar (Oxoid L td) 
previously sterilised a t 15 psi fo r 30 min. Agar plates were stored a t room 
tem perature before use.
b) N u trien t Broth
Aliquots of 5 m l 1.3% nu trien t broth (Oxoid Ltd) in M cCartney bo ttles 
sterilised at 121°C fo r 30 min. N u trien t broths were stored at room tem pera ture  
before use.
c) Methodology
Contaminating m icro-organism present in biological m a te ria l were 
detected using concentrated samples. This was done by taking a 25 m l a liquot o f 
the m ateria l under investigation and spinning i t  at 2,500g fo r 5 m in in an MSE 
M inor centrifuge (MSE Ltd). The supernatant flu id  was then decanted u n til only 
about 1 ml remained which then was used to resuspend the pe lle t. B io log ica l 
m ate ria l concentrated in this was either (a) examined d irec tly  m icroscop ica lly , 
or (b) added, as 0.5 ml aliquots, to an agar plate and a nu trien t broth which were 
then incubated at 37°C in an ungassed incubator. Each cu lture  was examined fo r 
b io logical growth, at daily in tervals, fo r 3 days. If  no biological g row th was 
detected a fte r this tim e the agar plates were discarded but the n u tr ie n t broths 
were concentrated, as described above, and sub-cultured on agar p lates fo r  a 
fu rthe r 3 days.
iv) Washing procedures:
a) Glassware
W ith the exception o f glass spheres, a ll glassware was soaked overm ight in 
Solgan and then rinsed in single d is tilled  w ater (Spier et al, 1975).
b) Glass spheres
These were washed in hot tap water and then rinsed in 80°C double 
d is tilled  w ater before drying a t 37°C. The required number o f glass spheres was 
then added to a suitable propagator.
v) S terilisa tion : Roux flasks and general laboratory apparatus were
sterilised by dry heat at 150°C fo r 1 hour. Propagators fo r both monolayer and 
suspension cells were autoclaved a t 121° fo r 30 min.
2.4 RESULTS
These results may be grouped together in three sections:-
(1) feas ib ility  studies (a) to  (f)
(2) the growth o f BHK monolayer cells on the surface o f small glass 
spheres (g) to (p).
(3) the production o f foo t and mouth disease virus in BHK cells (r) to  (t).
(a) The W e ttab ility  o f Polystyrene Pe tri Dishes which D iffe red  in th e ir
A b ility  to Support Cell G row th.
I t  has been reported tha t (a) the "a ff in ity "  o f anchorage dependent ce lls fo r 
d issim ilar m ateria ls corresponds to  the w e tta b ility  o f the m ate ria l (Harris, 1973),
(b) BHK cells "b ind" be tte r to  surfaces which have contact angles w ith  d is tilled  
water o f less than 60° (G rinnell e t al, 1973). (c) HTC cells adhere b e tte r to high 
energy surfaces (Grinnel et al, 1972), and tha t (d) m ateria ls used fo r tissue 
cu lture  have d iffe re n t surface energies (Maroudas, 1973). In order to discover 
how these findings re lated to one type o f p lastic surface, the w e tta b ility  o f 
bacterio log ica l and tissue cu lture  grade polystyrene P e tri dishes (S te rilin  L td ) 
was measured. Three separate drops o f d is tilled  water, from  a 1 m l
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p ipette  (John Poulten Ltd), were placed on the plastic surface and the diam eter 
of each drop measured w ith  dividers. The average o f these measurements was 
then used as an ind ica tion o f the w e tta b ility  o f the surface. Table 2.1 shows the 
tissue cu lture  grade P e tri dish to have a more wettable surface than the 
bacterio log ica l grade which is unable to  support the growth o f anchorage 
dependent cells.
(b) The E ffe c t o f Surface Oxidation on the W ettab ility  o f Bacterio log ica l Grade 
Polystyrene Pe tri Dishes
The w e tta b ility  o f polystyrene has been increased by corona discharge 
(Maroudas, 1973) and by concentrated sulphuric acid (Harris, 1973) although the 
e ffe c t o f the la tte r  trea tm ent was a ttribu ted  to sulphonation. Oxidising agents 
were tested on bacterio log ica l grade polystyrene Pe tri dishes to determ ine how 
the surface w e tta b ility  could be increased. Chrom ic, n itr ic  and sulphuric acids, 
the oxidising flam e o f a Bunsen burner, u ltra  v io le t ligh t, ozone and hydrogen 
peroxide were a ll capable o f increasing the w e tta b ility  though some trea tm ents 
were more contro llab le than others. The e ffec ts  o f two o f the more contro llab le  
treatm ents, strong chrom ic acid and concentrated n itr ic  acid fo r varying lengths 
o f tim e at room tem perature, is shown in Table 2.2.
(c) The Growth o f BHK Monolayer Cells on Polystyrene P e tri Dishes w ith  
D iffe re n t Surface W ettab ilities .
Bacterio log ica l grade polystyrene P e tri dishes were trea ted  w ith  
concentrated sulphuric acid fo r d iffe re n t lengths o f tim e at room tem pera ture . 
A fte r  th is trea tm ent the Pe tri dishes were washed w ith  copious quantities o f 
cold w ater and dried at 37°C. Figure 2.7 shows BHK monolayer cells grew w e ll 
on P e tri dishes trea ted w ith  concentrated sulphuric acid fo r 30 m in but tha t 
longer acid treatm ents, which increased w e tta b ility  s t i l l  fu rthe r, were less able 
to support ce ll growth. This finding o f an optimum surface w e tta b ility  fo r ce ll 
growth was repeated when bacterio log ica l grade polystyrene P e tri dishes were
Table 2.1 The Hydrophilicity of Different Grades of Polystyrene 
Petri Dishes
Grade and Diameter 
of Petri Dish
Diameter 
of Water 
Drop (mm)
Biological Ability
Tissue culture (4.5 cm) 
Bacteriological (9 cm)
11
7
Supports cell growth
Not suitable for cell growth
Table 2.2 The Hydrophilicity of Bacteriological Grade Polystyrene 
Petri Dishes after Treatment with Oxidizing Agents_____
Treatment
Diameter of Water Drops (mm)
Chromic Acid Concentrated 
N itric  Acid
None 8.5 8.5
+ 1 hour 8.7 8.0
+ 2  hours 8.8 9.0
+ 4 hours 9.0 9.2
+ 22 hours 10.3 10.2
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Figure 2.7 The Growth of BHK Monolayer Cells on Bacteriological
Grade Polystyrene Petri Dishes after Different Treatments 
with Concentrated Sulphuric Acid
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treated fo r d iffe ren t lengths of tim e w ith  u ltra  v io le t ligh t (Fig. 2.8). 
Subsequently, native polystyrene was converted in to a surface capable o f 
supporting ce ll growth by trea ting  i t  w ith  concentrated sulphuric acid fo r 30 min 
at room tem perature.
(d) The Growth o f BHK Monolayer Cells on Treated and Untreated 
Bacterio log ica l Grade Polystyrene P e tri Dishes.
Bacterio log ica l grade polystyrene Pe tri dishes treated w ith  concentrated 
sulphuric acid to increase th e ir w e tta b ility , as described above in Section 2.4, 
supported the growth o f BHK monolayer cells to levels comparable to tha t in 
tissue cu lture grade polystyrene Petri dishes. This is shown in Fig. 2.9 which also 
illus tra tes tha t untreated bacterio log ica l grade polystyrene P e tri dishes did not 
support the growth o f BHK monolayer cells.
(e) Development o f the Technique fo r A ttach ing BHK Monolayer Cells to Treated 
Polystyrene Granules.
For these investigations the polystyrene granules (Shell Chemicals UK Ltd) 
were treated to  make them able to support ce ll growth by the concentrated 
sulphuric acid method described above in Section 2.3. The orig ina l in ten tion  was 
to use the polystyrene granules as the substrata fo r growing BHK monolayer cells 
in a pseudo suspension cu lture  but when the granules were agita ted no cells 
attached to the plastic beads. A series o f tr ia ls  was then made to  find a way of 
attaching BHK monolayer cells to the polystyrene granules. The steps in the 
evolution of th is process were, (a) an in te rm itte n t ag ita tion by a 720° tu rn  every 
30 min produced 30% ce ll adhesion, (b) no ag ita tion gave be tte r ce ll a ttachm ent,
(c) reducing the medum volume increased cell adhesion, (d) almost a ll the cells 
were recovered when adhesion was measured at 24 hours rather than at 5 hours,
(e) serum free medium did not enhance ce ll adhesion and neither did (e) passing 
5% CO^ in a ir across the surface o f the cu lture. The technique used to  a ttach
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Figure 2.8 The Growth of BHK Monolayer Cells on Bacteriological 
Grade Polystyrene Petri Dishes after Exposure to 
' Ultra Violet Light
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Figure 2.9 The Growth of BHK Monolayer Cells on Different 
Polystyrene Petri Dishes
o-------o Treated bacteriological grade Petri dishes
A-------A Tissue culture grade Petri dishes
•------- • Untreated bacteriological grade Petri dishes
BHK monolayer ceils to trea ted  polystyrene granules fo r subsequent experiments 
was based on a concentrated inoculum in 1.5 ml ce ll growth medium assuming 
tha t only the upper face o f the p lastic  bead was available fo r ce ll growth.
(f) The Growth o f BHK Monolayer Cells on Stationary Treated Polystyrene 
Granules.
For these experiments native polystyrene granules were trea ted w ith  
concentrated sulphuric acid to  make them able to support ce ll growth as 
described in Section 2.4. and inoculated w ith  cells as described in Section 2.3. 
A fte r  ce ll adhesion was complete at 24 hours the plastic beads were cu ltured in
(a) tissue cu ltu re  grade Pe tri dishes in a gassed incubator, (b) a closed Universal
bo ttle , and (c) a Universal bo ttle  f it te d  w ith  a simple a ir l i f t  fo r medium
2
circu la tion  (the 26 cm polystyrene granule propagator). Figure 2.10 shows cells
2grew w e ll on polystyrene granules in the Petri dishes and also the 26 cm 
propagator but not in the unmixed Universal bottle,- fo r comparison ce ll growth 
in a tissue cu lture  grade Petri dish was also included. From these investigations 
i t  was apparent tha t a monolayer culture system based on a pa rticu la te  substrate 
contained in a packed bed was possible. The requirement fo r a low density 
m a te ria l substratum, as envisaged in the orig inal concept, no longer existed and 
so the novel un it process monolayer system could be investigated fu rth e r using 
the more conventional, glass, substrate.
2(g) Cell Growth Under D iffe re n t Regimes in M: k I 200 cm Glass Sphere 
ProDaoator.
2Baby hamster kidney monolayer cells were grown in the Mk I 200 cm glass 
sphere propagator under three d iffe ren t regimes, (a) w ithout medium c ircu la tion ,
(b) w ith  the medium circu la ted w ith  an a ir l i f t  and (c) w ith  no glass spheres and 
no medium c ircu la tion . Cultures were harvested at 24 hourly in te rva ls  fo r 96 
hours and the number o f cells recovered compared w ith  the number o f ce lls  from  
Roux flasks incubated at the same tim e (Fig. 2.11). W ithout medium c ircu la tio n
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Figure 2.10 The Growth of BHK Monolayer Cells on Stationary 
Treated Polystyrene Granules in Different Culture 
Systems
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Figure 2.11 The Growth of BHK Monolayer Cells in Mk I 200 cm Glass
Sphere Propagator
there was no appreciable ce ll growth on the glass spheres but when the medium 
in the propagator was circu la ted, by the a i r l i f t  supplied w ith  5% CC^ in a ir a t a 
ra te  o f 5 cc/m in , ce ll growth on the glass spheres was comparable to th a t in 
Roux flasks. In propagators w ith  no glass spheres, and w ith  no medium 
c ircu la tion , ce ll growth was less than tha t in Roux flasks which demonstrated the 
advantage o f including the packed bed o f glass spheres.
(h) The E ffe c t o f D iffe re n t Gas Rates to  the A i r l i f t  o f Mk I 200 cm^Glass Sphere 
Propagators on the Growth o f BHK Monolayer Cells.
Since the ra te  at which an a ir l i f t  discharges flu id  is proportional to the
ra te  at which gas is supplied to  i t  (Section 2.4), the best medium c ircu la tion  ra te
2fo r the growth o f BHK monolayer cells in Mk I 200 cm glass sphere propagators
could be determ ined. Figure 2.12 shows the number o f cells recovered from
propagators increased as the gas flow  ra te  to  the a ir l i f t  increased from  zero to
15 cc /m in . Above this ra te  the number o f cells recovered from  propagators
2
declined. Subsequent experiments in M kl 200 cm glass sphere propagators had 
5% CO2 in a ir passed to  the a i r l i f t  at a ra te  o f 15 cc/m in.
(i) The Use o f D iffe re n t Size Glass Spheres fo r the Growth o f BHK Monolayer
2
Cells in Mk I 200 cm-Glass Sphere Propagators.
The choice o f substrate fo r the growth o f monolayer cells is im portan t and 
this is especially so when the substrate is composed o f pa rticu la te  m a tte r 
arranged in a packed bed. Irregu larly  shaped bodies w ill produce uneven flow  
patterns and channeling o f the medium through the bed which w ill resu lt in 
unequal ce ll growth and in e ffic ie n t use of the substrate. To overcome this 
problem regular shaped bodies in the form  o f spherical glass beads were chosen 
fo r the packed substrate bed. The size of glass sphere used had to be considered 
ca re fu lly  since small spheres would reduce the physical volume occupied by the 
bed but could cause medium c ircu la tion  problems i f  too small a size was 
selected. A lte rna tive ly , large diameter spheres would not cause medium 
c ircu la tion  d iff ic u ltie s  but would occupy too much space which would not be
6 2
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of Mk I 200 cm Glass Sphere Propagators on the 
Growth of BHK Monolayer Cells
benefic ia l in the design o f a propagator expected to have process f le x ib il ity .  To 
find the optimum size o f glass sphere needed to support the growth o f BHK 
monolayer cells, beads ranging in diam eter from  2 mm to 7 mm were tested. 
Because a ll these experiments were not carried out at the same tim e, the 
number o f cells recovered from  propagators containing a pa rticu la r size o f glass 
sphere is expressed as a percentage o f the cells recovered from  Roux flasks 
which were incubated at the same tim e (Table 2.3). Only the 3 mm diam eter 
glass spheres produced ce ll growth comparable to th a t in Roux flasks. The 
analysis o f bead size was repeated using the number o f cells recovered from  3 
mm diam eter glass spheres which had been used several tim es before to  contro l 
the results o f the new test glass spheres. Table 2.4 shows the 3 mm and 7 mm 
diam eter beads gave s im ila r ce ll yields which was greater than tha t from  the 2 
mm and 5 mm beads. The 3 mm diameter glass spheres were reta ined fo r 
subsequent experiments since they did not su ffe r from  medium c ircu la tion  
problems and when packed in to a bed occupied only 27% of the working volume 
(Table 2.3).
2
(j) Preparation o f Glass Spheres fo r BHK Monolayer C e ll Growth in Mk I 200 cm 
Propagator.
Other workers w ith  glass beads (Wohler et al, 1972; Waters and W alford, 
1971) recommend cleaning the beads w ith  the detergent 7X (Serva, Heidelberg 
and L ibro Chemical Co., Connecticut, USA). U nfortunate ly a t the tim e  these
investigations were carried out th is m ateria l was not available in th is country.
2
In it ia lly , glass spheres used fo r growing BHK monolayer cells in Mk I 200 cm 
propagators were prepared by s tirr in g  in strong chrom ic acid, washing w ith  
copious quantities o f cold tap water, rinsing in 80°C double d is tille d  w a te r and 
then drying at 37°C overnight. This trea tm ent was compared w ith  a sim pler 
process o f a hot water rinse fo r glass spheres which had been used several tim es 
previously fo r ce ll growth (Table 2.6.A). The yie ld o f cells from  glass spheres 
prepared by the simpler technique compared favourably w ith  th a t from  glass
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Table 2.3 Comparison of the Growth of BHK Monolayer Cells on Different 
Size Glass Spheres in Mk I Glass Sphere Propagators with that 
in Roux Flasks
Diameter o f Glass Spheres 
(mm)
Cell Growth as a Percentage 
of that in Roux Flasks
2 82
3 102
5 83
7 83
Table 2,4 Comparison of the Growth of BHK Monolayer Cells on New Glass 
Spheres of Different Size with that on Old Glass Beads in 
Mk I Propagators
Diameter of Glass Spheres 
(mm)
Cell Growth as a Percentage 
of that on Old Glass Spheres
2 74
3 86
5 71
7 89
Table 2.5 Volume Occupied by Different Size Glass Spheres in Mark I
Propagators
Diameter of Glass Spheres 
(mm)
Percentage of Working Volume 
Occupied by Glass Spheres
2 19
3 27
5 47
7 68
Table 2.6 The Growth of BHK Monolayer Cells on 3mm diameter Glass Spheres 
After Different Cleaning Procedures
Cells Recovered 
(x 106)
' New glass spheres + chromic acid
Old glass spheres + hot water rinse
74.8
87.9
New glass spheres + hot water rinse
B
Old glass spheres + hot water rinse
63.5
77.7
New glass spheres + no action 
Old glass spheres + hot water rinse
126.8
131.2
beads cleaned by the orig ina l process. When next glass spheres were prepared by 
the sim pler technique they supported the growth o f BHK monolayer cells almost 
as well as glass spheres which had been used fo r ce ll growth several tim es before 
(Table 2.6.B). One batch o f glass spheres which was not pre treated in any way 
supported ce ll growth comparable to tha t on glass beads which had been used 
several tim es before (Table 2.6.C). The higher ce ll y ie ld shown in th is  Table are 
most like ly  the result o f greater fa m ilia r ity  w ith  the glass sphere system gained 
during the course o f these investigations. For subsequent experiments glass 
spheres were prepared fo r use in 200 cm propagators by washing in hot tap 
water and then rinsing in 80°C double d is tilled  water before being dried at 37°C.
(k) The Use o f External A ir l i f ts  fo r Mk I Glass Sphere Propagators and the 
Growth o f BHK Monolayer Cells.
. The need fo r an a ir l i f t  was shown above but its  precise function  was 
unclear since i t  (a) c ircu la ted the medium, (b) provided simple pH contro l, and (c) 
supplied oxygen to the cu lture . To understand these actions more fu lly  a series 
of tr ia ls  was made w ith  the a ir l i f t  positioned outside the propagator and supplied 
w ith  (a) nitrogen gas), (b) nitrogen gas and 3% CC^ in a ir across the surface o f 
the cu ltu re , and (c) 3% CC^ in air. Each o f the gases listed was used at .a ra te  o f 
15 cc/m in . For comparison BHK monolayer ce ll growth was also m onitored in 
standard Mk I glass sphere propagators and Roux flasks. Table 2.7 shows the 
yie ld o f cells from  propagators w ith  an outside a ir l i f t  supplied w ith  5% CC^ in 
air was comparable to tha t from  a standard Mk I propagator. When nitrogen gas 
was passed to the a ir l i f t  no ce ll growth would be detected, but when th is system 
also had 5% CC^ in a ir streamed across the surface o f the cu lture  ce ll growth 
did take place though this was less than tha t in standard Mk I propagators. These 
investigations show tha t the a i r l i f t  provided medium c ircu la tion  and simple pH 
contro l, its  e ffe c t on the dissolved oxygen level in the cu ltu re  was not 
determ ined because of the small size o f the apparatus. Since ce ll g row th was 
sim ila r in glass sphere propagators w ith  a ir l if ts  positioned both
Table 2.7 The Effect of External A ir lifts  on the Growth of BHK 
Monolayer Cells in Mk I Glass Sphere Propagators
Culture Conditions
Cells Recovered 
(x 106)
External a i r l i f t  and nitrogen gas NIL
External a i r l i f t  and nitrogen gas plus 5%
CO2 in a ir 62
External a i r l i f t  and 5% CO^  in air 103
inside and outside the vessel the glass sphere system could be 
redesigned so tha t the physical parameters o f the propagators could be 
investigated and optim ised.
(1) The E ffe c t o f D iffe re n t Gas Rates to the A i r l i f t  o f Mk II 200 cm^Glass Sphere
Propagators on the Growth o f BHK Monolayer Cells.
2
The prototype 200 cm glass sphere propagator was redesigned w ith  
separate reservoirs fo r the glass spheres and fo r the medium, as described in 
Section 2.2. For th is new vessel the best medium c ircu la tion  fo r the growth o f 
BHK monolayer cells was determ ined by supplying the a ir l i f t  w ith  d iffe re n t rates 
o f 5% CO2 in a ir (Fig. 2.13). The greatest number o f cells was recovered from  
Mk II glass sphere propagators which were provided w ith  3% CC^ in a ir at a ra te  
o f 10 cc/m in . These results were combined w ith  data from  sim ila r investigations 
w ith  the Mk I glass sphere propagator, described above in Section 2.4, and shown 
in Figure 2.14. There was l i t t le  d ifference between the yie ld o f cells obtained 
w ith  a ir l if ts  supplied w ith  5% CC^ in a ir at 10 cc/m in and 15 cc /m in  and so the 
la tte r  gas flow ra te  was reta ined fo r subsequent experiments.
(m) The Liquid Discharge Rate from  Mk II Propagator A ir l if ts  Supplied w ith  
D iffe re n t Gas Flows.
The ra te  at which water was discharged from  the a ir l if ts  used in Mark II 
glass sphere propagators was measured at d iffe ren t flow rates o f 5% C O ^  in a ir 
(Figure 2.15). The liqu id  discharge ra te  from  the a ir l i f t  increased as the gas flow  
increased up to 20 cc/m in, beyond this ra te  there was l i t t le  extra  liqu id  flow . A t 
the standard gas flow  to a ir l i f t  o f 15 cc/m in  the liqu id discharge ra te  was 18 
m l/m in .
(n) Comparison o f the Growth o f BHK Monolayer Cells w ith  the Medium 
2
Flowrates in 200 cm Glass Sphere Propagators.
The data presented above in Figure 2.14 was compared to  the liqu id
2
flow rates from  the a ir l if ts  o f 200 cm glass sphere propagators, measured as 
described in Section 2.4, is shown in Figure 2.16. This Figure also shows the
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Figure 2.14 Comparison of Medium Flowrates Down the Substrate Beds
2of 200 cm Glass Sphere Propagators with the Growth of
BHK Monolayer Cells
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Figure 2.15 The Effect of Different Gas Flowrates on the Rate
of Liquid Discharged from an A ir l i f t  used for Mk I I  --------- jj
200 cm Glass Sphere Propagators
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Figure 2.16 The Growth of BHK Monolayer Cells in Mk I I  200 cm^  
Glass Sphere Propagators with Substrate Beds of 
Different Configurations
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linear medium flow  applied to the packed bed substrata. Linear flow ra te  is 
defined as:-
medium flow ra te  through the packed bed fa l/m in  
cross-sectional area o f the packed bed (cm )
From this form ula the optimum linear flow ra te  was calculated to  be 2 cm /m in . 
The value o f medium flow rates, measured through the bed o f glass spheres and as 
linear flow , w ill be discussed la te r and in Chapter 3.
(o) The Use o f Packed Substrate Beds w ith  D iffe re n t Configurations fo r  the 
Growth o f BHK Monolayer Cells in Mk II Glass Sphere Propagators.
The packed beds o f glass spheres used in both the Mk I and Mj k II 
propagators had height to diameter ratios o f 1:1 but since the la tte r  vessel had a 
separate chamber fo r the glass beads i t  was possible to carry out tr ia ls  to 
determ ine the optimum configuration fo r the packed substrate bed. These 
investigations were made under two d iffe ren t regimes, (a) w ith  a medium 
flow ra te  o f 18 m l/m in , and (b) w ith  a linear flow ra te  o f 2 cm /m in. When BHK 
monolayer cells were grown in Mk II propagators w ith  beds o f glass spheres 
arranged to have height to diameter ra tios ranging from  1:0.23 to  1:3.4 w ith  a 
constant medium flow ra te  o f 18 m l/m in , the best yie ld o f cells was obtained w ith  
a ra tio  o f 1:0.8 (Figure 2.l6). However, there was l i t t le  d iffe rence in the y ie ld  
o f cells when a constant linear flow ra te  o f 2 cm /m in was used fo r the grow th o f 
BHK monolayer cells in Mk II propagators w ith  beds o f glass spheres arranged to 
have height to diam eter ratios ranging from  1:1 to 1:22.3 (Table 2.8). From  
these experiments, the linear flow ra te  was the more e ffic ie n t method o f 
measuring medium flow  through a packed bed o f glass spheres. Subsequent 
experiments in Mk II glass sphere propagators were carried out w ith  packed 
substrate beds arranged w ith  height to d iam ter ratios o f 1 :1.
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Table 2.8 Comparison of the Growth of BHK Monolayer Cells in Mk I I
Glass Sphere Propagators with Substrate Beds Arranged to have 
Different Height to Diameter Ratios
Height to Diameter 
Ratio
Cells Recovered (x 10^) :
1:1 126 + 25 (7)
1:5 101 + 17 (3)
1:22.5 117+10 (3)
Table 2.9 The Growth of BHK Monolayer Cells on 3 mm. Diameter Glass 
Spheres and Roux Flasks
System Cells Recovered 
(x 106)
Number of 
Observations
A
Roux flask 96.8 + 30.3 24
Mk I 100 ml propagator 112.3+2.90 \ 28
B
Roux flask 122.7 + 27.9 23
Mk I I  100 ml propagator 153.6 + 32.9 23
2
(p) Comparison o f BHK Monolayer C e ll Production in 200 cm Glass Sphere
Propagators and Roux Flasks.
2
The number o f BHK monolayer cells recovered from  Mk I 200 cm glass 
sphere propagators compared favourably w ith  tha t from  Roux flasks incubated 
a t the same tim e (Table 2.9.A). In addition the standard deviation o f both 
cu lture  systems was s im ilar. This was confirm ed when the production o f BHK 
monolayer cells in Mk II glass sphere propagators was compared w ith  tha t in 
Roux flasks incubated a t the same tim e (Table 2.9.B). Again the standard 
deviation o f both cu lture  systems was s im ila r. Ce ll growth in the Mk I glass 
sphere propagator was carried out before tha t in the Mk II version so to compare 
the p roduc tiv ity  o f the two systems w ith  tha t from  Roux flasks the yields o f 
cells shown in Table 2.10 have been expressed as a percentage o f tha t from  Roux 
flask contro l. Both types o f glass sphere propagator were able to  support the 
growth o f BHK monolayer cells to higher levels than was produced in Roux 
flasks.
(q) Determ ination o f the In fection  Technique fo r BHK Monolayer C e ll Cultures.
The growth o f foo t and mouth disease virus in Mk II glass sphere 
propagators was compared to tha t in Roux flasks when the virus seed was added
(a) to complete volume of virus growth medium, and (b) when the ce ll cu ltu re  
medium was removed and no virus growth medium was present. For the la tte r  
trea tm ent the virus seed was le f t  in contact w ith  the ce ll sheet fo r 30 min a t 
room tem perature a fte r which tim e  100 m l virus growth medium was added and 
the cu lture  incubated at 37°C. Table 2.11 shows tha t when the C N ov ille  s tra in  
o f foo t and mouth disease virus was used no d ifference could be detected in the 
y ie ld o f in fectious and antigenic virus produced by e ithe r in fec tion  technique and 
so the sim pler process, o f adding the virus seed to the complete volume o f virus 
growth medium, was used fo r subsequent comparative investigations.
Table 2.10 Comparison of Cell Yields from 2Q0 cm2 Glass Sphere 
Propagators with that from Roux Flasks
System % Yield
Mk I 100 ml propagator 116.0
Mk I I  100 ml propagator 125.2
Table 2.11 Comparison of Different Methods of Infecting Cultures of BHK 
Monolayer Cells with the C Novi lie  Strain of Foot and Mouth 
Disease Virus
Infectious Virus 
(log1Q pfu/ml)
Antigenic Virus 
(cfu/ml)
Method of 
Infection Roux Flask Propagator Roux Flask Propagator
Absorbed 7.3+0.1 (4) 7.4+0,4 (3) 8 9 + 6  (4) 124 + 48 (3)
Bulked 7.5+0.3 (4) 7.3+0.1 (4) 8 6 + 8  (4) 130 + 30 (3)
Table 2.12 The Production of Infectious Foot and Mouth Disease Virus in 
BHK Monolayer Cells Grown on Glass Spheres and in Roux Flasks
Infectious Virus ( log-jQpfu/ml)
Virus Strain Roux Flasks Propagators
C Novi lie  
0 Hong Kong 21/70 
A22 Greece 1/72
7.3 + 0.2 (25)
6.4 + 0.3 (23) 
5.9 + 0.5 (19)
7.2 + 0 .3  (15)
6.2 + 0 .3  (22) 
5.6 + 0 .5  (16)
(r) The Production o f Infectious Virus in BHK Monolayer Cells Grown in Glass
Spheres and in Roux Flasks.
Experiments to compare the growth o f the three selected strains o f foo t
2and mouth disease virus in Mk II 200 cm glass sphere propagators and in Roux 
flasks were carried out at the same tim e. Each cu lture  was sampled tw ice  a fte r 
approxim ately 18 hours and 24 hours incubation and assayed fo r the levels o f 
in fectious virus. The values o f in fectious virus obtained were averaged and used 
to compile the s ta tis tica l data presented in Table 2.12. W ithin the lim its  o f the 
assay system, comparable quantities o f the three strains o f foo t and mouth 
disease virus were produced from  BHK monolayer cells grown in Mk II glass 
sphere propagators and in Roux flasks. Since i t  was shown in Section (p) tha t the 
number o f cells recovered from  the two culture systems was d iffe re n t, a more 
c r it ic a l comparison o f virus production was made by re la ting the amount o f 
in fectious virus w ith  the viable ce ll population present at the s ta rt o f the cu ltu re  
using the fo rm u la :-
Average level o f in fectious virus (p fu /m l) x cu lture  volume (ml)
Viable ce ll population present at in fection  (x 10 )
Table 2.13 shows the quantity  o f in fectious virus produced per m illio n  viable 
cells, and the v a ria b ility  was comparable fo r the three selected strains o f foo t 
and mouth disease virus when BHK monolayer cells were grown in Mk II glass 
sphere propagators and in Roux flasks.
(s) The Production o f Antigenic Foot and Mouth Disease Virus in BHK Monolayer 
Cells Grown on Glass Spheres and in Roux Flasks.
The experiments reported above in Section (r) were also used fo r these 
investigations a fte r a fu rthe r 24 hours incubation. Cultures were sampled, a t 
approxim ately 42 and 48 hours past in fection , fo r antigenic virus. The average 
o f these two assays was used, together w ith  the results from  s im ila r
Table 2.13 Infectious Viral Productivity of BHK Monolayer Cells
Grown on Glass Spheres and in Roux Flasks
c
Infectious Virus (pfu/10 viable cells)
Virus Strain Roux Flasks Propagators
C Novi lie  
0 Hong King 21/70
A22 Greece 1/72
7.3 + 0.3 (25)
6.3 + 0.4 (23)
5.8 + 0.5 (19)
7.1 + 0.4 (15)
6.1 + 0.4 (22)
5.4 + 0.5 (16)
Table 2.14 The Production of Antigenic Foot and Mouth Disease Virus in 
BHK Monolayer Cells Grown on Glass Spheres and in Roux Flasks
Antigenic Virus (cfu/ml)
Virus Strain Roux Flasks Propagators
C Novi lie  
0 Hong Kong 21/70 
A22 Greece 1/72
83 + 22 (24) 
39 + 10 (22) 
77 + 30 (18)
117 + 43 (15) 
44 + 19 (22) 
120 + 35 (18)
experiments, to prepare the s ta tis tica l data shown in Table 2.14. Two o f the 
strains o f foo t and mouth disease virus, C Noville  and A22 Greece 1/72, produced 
higher levels o f v ira l antigen when the BHK monolayer cells were grown in Mk II 
glass sphere propagators than they did from  sim ilar cells grown in Roux flasks. 
The th ird  foo t and mouth disease virus strain, O Hong Kong 21/70 was produced 
to comparable levels in both cu ltu re  systems. A more exacting assessment o f 
antigenic virus production is shown in Table 2.15 where the quantity  o f v ira l 
antigen was re la ted to viable ce ll population present at the tim e  o f in fec tio n  
using the fo rm u la :-
Averaqe level o f antigenic virus (c fu /m l) x culture volume (ml)
Viable ce ll population a t in fection  (x 10 )
The amount o f v ira l antigen produced per m illion  viable cells by tw o o f the 
strains o f foo t and mouth disease virus, C. Noville and A22 Greece 1/72, in Mk II 
glass sphere propagators compared favourably w ith  tha t from  Roux flasks. 
Comparable quantities o f antigenic virus were obtained when the th ird  virus 
stra in , O Hong Kong 21/70 was grown in Roux flasks and Mk II glass sphere 
propagators.
(t) Comparison o f Foot and Mouth Disease Virus Production in BHK Suspension 
Cells and in BHK monolayer Cells Grown in Mk II Glass Sphere Propagators.
For these comparison the cultures o f BHK suspension cells were carried  
out in simple S tirred Blood Bottles rather than in the more usual AVRI Spinners 
because when the O l BFS 1860 stra in o f foot and mouth disease was grown in the 
two systems no advantage could be detected using the more complex cu ltu re  
vessels (Table 2.16). Two techniques fo r in fecting cultures o f BHK suspension 
ceils were tested by adding the virus seed (a) to the complete volume o f virus 
growth medium, and (b) to the cells, contained in a minimum volume o f virus
Table 2.15 Antigenic Viral Productivity of BHK Monolayer Cells Grown
on Glass Soheres and in Roux Flasks
Antigenic Virus (CFU/106 viable cells)
Virus Strain Roux Flasks Propagators
C Noville 
0 Hong Kong 21/70 
A22 Greece 1/72
80 + 30 (24) 
34 + 11 (22) 
74 + 36 (18)
91 + 37 (15) 
33 + 15 (22) 
88 + 31 (18)
Table 2.16 The Production of the 01 BF5 1860 Strain of Foot and Mouth 
Disease Virus in BHK Suspension Cells Grown in Different 
Culture Vessels
Virus Assay
Culture Vessel
AVRI Spinner Stirred Blood Bottle
Infectious Virus 
(log1Q pfu/ml)
6.8 + 0.9 (4) 6.8 + 0.8 (4)
Antigenic Virus 
(CFU/10  ^ viable cells)
68 + 29 (4) 71 + 23 (4)
growth medium, fo r 30 min at room temperature before the remainder o f the 
medium was added and the cu ltu re  incubated at 37°C (Table 2.17). W ithin the 
lim its  o f the assay system, there was no d ifference in the levels o f virus 
produced and so the simpler o f the two techniques, adding the virus seed to  the 
completed volume o f virus growth medium,, was used fo r subsequent 
experiments.
The maximum production o f in fectious virus was compared when the three 
strains o f foo t and mouth disease virus were grown in BHK monolayer cells and 
BHK suspension cells. Table 2.18 shows in fectious virus production, measured 
per m illion  viable cells present at the tim e  o f in fection, was s im ila r whether the 
BHK cells were grown as monolayers in Mk II glass sphere propagators or in 
suspension in S tirred Blood Bottles.
Maximum antigenic virus production by the three strains o f foo t and mouth 
disease virus was compared in BHK monolayer cells and BHK suspension cells and 
is shown in Table 2.19. For th is comparison, antigenic virus production was 
measured as complement fixa tion  units per m illion  viable cells present a t the 
tim e o f in fection . Two o f the virus strains, C. Noville and O Hong Kong 21/70, 
produced comparable antigenic mass in both Mk II glass sphere propagators and 
in S tirred Blood Bottles. However, BHK suspension cells did not produce 
measurable levels o f antigen when in fected w ith  the A22 Greece 1/72 s tra in  o f 
foo t and mouth disease virus but BHK monolayer cells, grown in Mk II glass 
sphere propagators, were able to generate large quantities of th is antigen. This 
observation illus tra tes  the usefulness o f the glass sphere unit process monolayer 
system fo r the growth o f a po ten tia l vaccine strain o f foot and mouth disease 
virus which, a fte r i t  was isolated from  a fie ld  sample, could not be adapted to  
the conventional BHK suspension ce ll process.
Table 2.17 Comparison of Different Methods of Infecting Cultures of BHK 
Suspension Cells with the C Noville Strain of Foot and Mouth 
Disease Virus
Method of Infection Infectious Virus 
(log1Qpfu/ml)
Antigenic Virus 
(cfu/ml)
Absorbed 8.1 + 0.1 (3) 105 + 42 (3)
Bulked 8.1 + 0.1 (4) 136 + 53 (4)
Table. 2.18 Comparison of Infectious Virus Production in BHK Monolayer and 
BHK Suspension Cells
6 i Infectious Virus (pfu/10 viable cells)
Virus Strain BHK Suspension Cells BHK Monolayer Cells
C Noville 
0 Hong Kong 21/70 
A22 Greece 1/72
7.1 + 0.4 (15)
6.1 + 0.4 (22) 
5.4 + 0.5 (16)
7.3 + 0.8 (23) 
5.6 + 0.5 (19) 
4.9 + 0.4 (11)
Table 2.19 Comparison of Antigenic Virus Production in BHK Monolayer and 
BHK Suspension Cells
c
Antigenic Virus (CFU/10 viable cells)
Virus Strain BHK Suspension Cells BHK Monolayer Cells
C Noville 
0 Hong Kong 21/70 
A22 Greece 1/72
90 + 34 (19) 
27 + 9 (17) 
< 12.5 (16)
91 + 37 (15) 
33 + 15 (22) 
88 + 31 (18)
2.5 DISCUSSION
Although the search fo r a pseudo-suspension cu lture  system, using 
polystyrene granules, was not successful, a relationship was found between the 
w e tta b ility  o f the substrate surface and its  a b ility  to support ce ll grow th. By 
trea ting  the substrate w ith  oxidising agents the w e tta b ility  could be increased 
and a surface which did not support the growth o f cells was converted in to  one 
capable o f supporting ce ll growth. Using this technique native polystyrene 
granules were turned in to  a substratum suitable fo r ce ll growth. U n fortunate ly , 
when the trea ted polystyrene granules were fluidised by ag ita tion the attached 
cells were dislodged. However, the yie ld o f cells from  s ta tic  polystyrene 
granules, inoculated w ith  cells in a concentrated suspension, was comparable to 
tha t on tissue cu lture  grade P e tri dishes. A novel un it process fo r the growth o f 
monolayer cells had been found which m erited fu rthe r investigation. The new 
cu lture  system has several in teresting features -
1. no mechanical s tirre rs , motors, t i lt in g  or ro lling  equipment are used 
and so there is no need fo r sophisticated engineering;
2. the substrate is packed together in a s ta tic  bed which occupies about 
27% o f the working volume. This lends its e lf to e ffic ie n t ce ll grow th since 
the bed is continua lly flushed w ith  medium which has been oxygenated and 
buffered by the a ir l i f t .  In addition the small bed volume allows the amount 
o f medium used fo r virus growth to  be reduced so tha t virus concentrations 
can be increased fo r vaccine production;
3. the low density substrate can be replaced by another m ate ria l, glass, 
capable o f supporting ce ll growth w ith  no special pretreatm ents and which 
would w ithstand autoclaving.
Chapter 3, Scale-Up
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3.1 INTRODUCTION
The data presented in the previous chapter showed 3 mm diam eter glass 
spheres could be used successfully in 100 ml packed bed reactors to grow BHK 
monolayer cells and to produce foo t and mouth disease virus to levels 
comparable to those from  Roux flasks. To develop the novel un it process 
monolayer technique larger glass sphere propagators were designed and bu ilt. 
Scale-up was in ten -fo ld  steps to 100 litre s  giving equipment equivalent to 10, 
100 and 1,000 Roux flasks. The new propagators were used to investigate the 
e ffec ts  o f scale on the process and on the growth o f BHK monolayer cells and 
the production o f foo t and mouth disease virus.
The new propagators had the same general layout and arrangement o f the 
glass sphere bed as the prototype. Fluid movement was kept constant by 
maintaining the linear flow  rate down the substrate bed at 2 cm /m in. The higher 
f lu id  flows from  the a ir l if ts  were achieved by increasing the length o f the l i f t -  
pipe and raising the flow  ra te  o f the pumping gas. For be tte r aseptic handling 
and m onitoring o f growth several m odifications were made to the basic design. 
These included f it t in g  sampling points, flowm eters and transfer lines fo r the 
charging and draining o f medium, trypsin and inocula o f cells and virus. A t the 1 
lit re  scale cells were harvested in the same way as the prototype but the 10 l i t re  
propagator was too big fo r this technique to be practica l. An a lte rna tive  method 
was tried  which kept the substrate bed in tac t. A t f irs t recoveries were 
disappointing because most o f the cells remained attached to the glass spheres. 
Since ce ll detachment at the 0.1 and 1 li t re  scales had been assisted by gentle 
shaking, th is was simulated fo r the 10 l i t re  propagator by mounting the substrate 
reservoir on a v ib ra ting p la tfo rm . Cell harvests improved u n til a com bination o f 
trypsin and vib ra tion released a ll the cells. No cell damage was observed and 
this was confirm ed by using the cells fo r fu rthe r experiments in glass sphere 
propagators and Roux flasks.
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The determ ination o f maximum ce ll growth in glass sphere propagators is 
more d if f ic u lt  than in Roux flasks since only the outer layer o f cells can be seen 
which may not be representative. Two d iffe re n t ways o f determ ining ce ll growth 
in glass sphere propagators were tried , (1) sampling the substrate, and (2) 
analysing the growth medium fo r the depletion o f a nu trien t. Sampling the 
substrate is not usually p rac tica l fo r monolayer cultures but the use o f glass 
spheres enables some 2% o f the substrate bed to be removed using a specially 
designed sampler. A good corre la tion was obtained between the sample and the 
whole bed but care was needed w ith  the technique since repeated sampling 
disturbed and depleted the substrate bed. There were no such problems when the 
growth medium was sampled fo r glucose. Several ways of measuring glucose 
concentration were tried  before a semi-automated test was adopted. A fa ll in 
the level o f glucose in the growth medium from  the orig inal 3.6 g / l i t re  to less 
than 2 g / lit re  was found to correspond w ith  maximum ce ll growth. Subsequently, 
ce ll growth in glass sphere propagators was determined by measuring the glucose 
concentration.
Q uantita tive  virus growth is measured retrospective ly and so fo r a rapid 
asessment o f virus rep lica tion  the secondary effects o f virus growth in ce lls is 
monitored. For conventional monolayer cultures in Roux flasks the cy topa th ic  
e ffe c t is used. U nfortunate ly this technique is im practica l fo r glass sphere 
propagators and so an a lte rna tive  "re a l-tim e ” assessment of virus grow th was 
developed. Injured cells are known to show progressive leakage of th e ir  in te rna l 
constituents and so the c ircu la ting  cu lture  flu id  o f glass sphere propagators was 
analysed fo r the presence of the enzyme lacta te  dehydrogenase. Using an 
autoanalyser i t  was found, fo r cultures o f foo t and mouth disease virus in BHK 
monolayer cells, the tim e of maximum enzyme release corresponded to  th a t o f 
maximum in fe c tiv ity . In addition the tim e when the enzyme leve l s ta rts  to 
decline is the same as tha t when maximum antigen ic ity is reached. Thus a rapid
ind irec t method was developed fo r m onitoring virus growth in glass sphere 
propagators which could be used to detect the maxima fo r in fections and 
antigenic virus. The production o f 4 strains o f foo t and mouth diseae virus in 
BHK monolayer cells in 4 scales o f glass sphere propoagator, using glucose 
concentration to determ ine ce ll growth and the level o f lacta te  dehydrogenase to 
detect the times of maximum virus production, is now reported.
MATERIALS
(a) Medium
The media used fo r ce ll and virus growth were described in Section 2.2. For 
this series o f experiments the antifuga l agent was changed from  m ycosta tin to 
tissue cu lture qua lity  am photericin B (Fungizone, Squibb Ltd) which was added at 
the ra te  o f 5 un its /m l cu lture  medium.
(b) BHK Monolayer Cell Inoculums
Inoculums of BHK monolayer cells fo r glass sphere propagators were
2
produced in Roux flasks fo r the prototype 200 cm propagators and in glass 
sphere propagators fo r the la te r versions. Cell inoculums fo r Roux flasks were 
generated in both Roux flasks and in glass sphere propagators.
Cells recovered from  both Roux flasks and glass sphere propagators were 
stored at 4°C fo r 2 to 6 days in the trypsin and serum flu id  in which they were 
harvested w h ils t tests were made to establish the ir freedom from  
m icrobio log ical contam ination.
(c) Foot and Mouth Disease Virus Strains
Four strains o f foot and mouth disease virus were selected which had 
d iffe ren t growth characteris tics in BHK suspension and BHK monolayer cells. 
The C Noville  and O^BFS 1860 strains were standard vaccine strains which grew 
equally w ell in both types o f ce ll cu lture . In contrast the SAT 3 Bee 1/63 stra in  
grew only m oderately in BHK suspension cells. The A22 Greece 1/71 s tra in  could 
not be adapted to grow in BHK suspension cells although both the la te r  viruses 
grew "w e ll" in cultures of BHK monolayer cells.
(d) Foot and Mouth Disease Virus Seeds
2Foot and mouth disease virus seeds fo r a ll the 200 cm glass sphere 
propagator were grown in Roux flasks and stored in 2 mi aliquots a t -70°C. For 
the larger versions o f glass sphere propagator the virus seeds were produced in 
10 li t re  glass sphere propagators and stored in 2 lit re  aliquots as 50% glycero l 
solutions at -20°C. Virus seeds fo r Roux flasks were prepared using both 
techniques.
(e) Propagators w ith  the Substrate Held in a Packed Bed
?
The c r ite r ia  established fo r the Mark II 200 cm glass sphere propagator was
used to design a ll the new propagators. Scale-up was in ten-fo ld  steps to 100
litre s  giving apparatus equivalent to 10, 100 and 1,000 Roux flasks. The new
2propagators had the same layout as the Mk II 200 cm glass sphere propagator 
w ith  separate reservoirs fo r the medium and substrate which was composed o f 3 
mm diam eter borosilicate glass spheres arranged in beds w ith  a height to 
diam eter ra tio  o f 1:1. Medium flow  through the beds o f glass spheres was kept 
constant at a ll scales o f operation by maintaining the linear flow ra te  down the 
bed a t 2 cm /m in. The higher flu id  output necessary from  the a ir l if ts  was 
achieved by increasing the length o f the l i f t  pipe and raising the flow ra te  o f the 
pumping gas. For be tte r aseptic handling and m onitoring o f ce il and virus growth 
several m odifications were made to  the basic design. These included f it t in g  (1) 
sampling points, (2) flowm eters to measure the rate of medium c ircu la tion , and 
(3) transfer lines fo r charging and draining medium, trypsin and inoculums o f 
both cells and virus. The 1 and 10 lit re  glass sphere propagators were 
constructed o f glass, sterilised by autoclaving at 15 psi fo r 60 m in and used to 
grow both cells and virus in hotrooms kept at 37°C. In contrast the 100 l i t r e  
glass sphere propagator was made from  stainless steel and designed to  be 
sterilised by in place steaming at 15 psi fo r 90 min. Cell and virus cu ltures were 
carried out at 37°C by c ircu la ting  hot water through the jackets o f the medium 
and glass sphere reservoirs.
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2i) 200 cm glass sphere propagators: The Mk II glass sphere propagators
described previously were m odified to allow  samples o f cu lture  flu id  to  be 
w ithdrawn aseptically. These were taken w ith  2 ml Plastipak syringes (Becton 
Dickinson Ltd) which f it te d  in to  the sampling device (Fig. 3.1) made from  a 3- 
way nylon valve (MSE Ltd) positioned in the line taking medium from  bottom  o f 
the glass sphere reservoir to the a i r l i f t  (P late 3.1).
ii) 1-litre  glass sphere propagators: This propagator, shown in Fig. 3.2 and 
Plate 3.2, was designed to have the same area available fo r ce ll growth and to 
use the same volume of medium as 10 Roux flasks. The substrate bed was 
composed o f 310 g o f 3 mm diameter glass spheres contained in a 250 m l 
capacity chamber, w ith  a hemispherical bottom , made from  6.8 cm d iam eter 
glass tubing. The same size o f glass tubing was also used fo r the reservoir which 
was constructed so tha t i t  held 800 m l o f cu lture  medium and the a ir l i f t .  This 
was 28 cm long and was supplied at 30 cc/m in  w ith  a m ixture  o f 5% CC^ in a ir 
through a flow m eter (Platon Ltd) and type A flow sta t (Platon Ltd). Both the 
in le t and ou tle t gases passed through Foram aflow in -line filte rs . Two sampling 
devices were provided which were positioned on the top o f the glass sphere 
reservoir, and in the ou tle t medium line o f the medium reservoir. The f ir s t  
sampliing device described previously allowed large samples, up to 100 mis, to be 
taken using bottles w ith  threaded necks. Smaller samples, down to  1 m l, were 
withdrawn using standard syringes which f it te d  in to the second sampling device 
described above,To m onitor the ra te  o f medium c ircu la tion  a flow m eter (Jencons) 
was positioned between the bottom  of the glass sphere reservoir and the a ir l i f t .
i i i)  10 li t re  glass sphere propagators: The 10 lit re  glass sphere propagator
(Fig. 3.3 and Plate 3.3) was designed to be equivalent to 100 Roux flasks in
term s of the volume of medium used (10 litres ) and the area available fo r ce ll 
2 2growth (20,000 cm or 2M ) which was formed from  a packed bed o f 5 kg o f 
3 mm diameter glass spheres. To hold the glass spheres in 2 litre s  o f cu ltu re
■95
Figure 3.1 In-Line Sampling Device for Glass Sphere Propagator
A. Process line from outlet of glass sphere reservoir
B. 3-way valve
C. Syringe
D. Process line to in le t of medium reservoir
A
B
C
D
2
Plate No. 3.1 Improved 200 cm glass sphere propagator
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Figure 3.2 1 Litre Glass Sphere Propagator
P la te  No. 3.2 1 l i t r e  G lass Sphere P ropaga to r
Figure 3.3 10 Litre Glass Sphere Propagator
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P la te  No. 3.3 10 l i t r e  Glass Sphere P ropaga to r
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medium a cut down 4 l i t re  glass bo ttle  was used mounted upside down. The glass 
sphere reservoir was closed w ith  a stainless steel plate, 1/4 in x 8 in diam eter,
w ith  ports fo r charging inoculums, medium entry and sampling. An inverted 10
*r ■ t \
l i t re  aspirator, which contained 8 litre s  o f medium, Was used as the medium 
reservoir, so tha t its  side-arm discharged the e ffluen t gas and its  neck housed 
the a ir l i f t .  This was made o f stainless steel w ith  a length o f 70 cm and was 
supplied a t a ra te  o f 250 cc /m in  w ith a  m ixutre  of. 5%‘ CC^ in a ir which was 
made from  separate supplies o f CC^ and a ir using the flow m eter assembly shown
, * ‘ ; - * iJ ■ ; *■
in Fig. 3.4. Both the in le t and * ou tle t gases were arranged to pass through 
Foram aflow in -line  f ilte rs . Samples o f cu lture  flu id - were w ithdrawn, by
hydrostatic pressure, using the device describee! previously. A flow m eter
: \ * ‘ ’ /* ’» '* i
(Jencons Ltd), mounted between the ou tle t o f the glass sphere reservoir and the 
a ir l i f t ,  was used to m onitor the ra te  o f nnedium c ircu la tion . For easy transport 
the propagator assembly was housed in a wheeled fram ework.
iv) 100 li t re  glass sphere propagator: 'Th is propagator, shown in Fig. 3.5 and 
Plate 3.4, was constructed so tha t the novel un it process monolayer system could 
be tested under industria l conditions which meant (1) using stainless steel 
jacketed vessels w ith  no provision’ for. visuaT.monitoring o f the cu ltu re , (2) a non­
moveable propagator assembly,' (3) -regulation .of /the  cu lture  tem perature by 
c ircu la ting  hot w ater through th e , jackets, o f ;the propagator assembly, (4) 
s te rilisa tion  by in-place steaming under pressure,1 (5) maintenance o f s te r il ity  
w ith  positive a ir pressure supplied through in -line steam sterilisab le  f ilte rs  
(Domnick F ilte rs  Ltd), and (&) revised procedures fo r handling cells and virus. A 
diagram of the 100 lit re  glass sphere1 propagator assembly is shown in Fig. 3.6. 
The 100 li t re  glass sphere propagator was designed to be equivalent to 1,000
Roux flasks in term s of the volUhnie -oT rriedium used (100 litres ) and the area
2 2available fo r ce ll growth (200,000 cm or 20 M ). This was formed from  50 kg o f
To A ir l i f t
— o
Needle
Figure
Valve F low sta t
F low m eter Flowmeter
Y Needle Valve
Air CO
3.4 Flowmeter Assembly for A ir l i f t  of 10 Litre Glass Sphere Propagator
Figure 3.5 Process Line Layout of 100 Litre Glass Sphere Propagator
A. Effluent gas incinerator
B. Domnick Hunter a ir  f i l t e r
C. Medium reservoir
D. Level Gauge
E. Glass sphere reservoir
F. Flowmeter
G. A ir lifts
H. Process line from medium reservoir to glass sphere reservoir
J, Process line from glass sphere reservoir to medium reservoir
K. Medium charging point to medium reservoir
L. Port for charging cell inoculum to glass sphere reservoir
M. Sampling point
N. Discharge point from glass sphere reservoir
0. Discharge point from medium reservoir
P. Pressure gauges
R, Steriliseable connections.
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Figure 3.5
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100 l i t r e  Glass Sphere PropagatorP la te  No. 3.4
Figure 3.6 Process Control1*' Systems > for 00 litres Glass'' Sphere Propagators
1. Temperature indicator/recorder for effluent gas incinerator
’ * ‘ - • •V. i ,, * ’ •
2. Temperature controller-for.'effluent gas inci,neratori:
J , * v ' v e , v? '* . 1 '
< . G , .f I, 1 *
3. Fail/safe controller for e ffluent‘gas incinerator*
'  ' ?  1 • ' *  - j  " *' t  'i
4. Pneumatic temperature indicator/controller'for steam-coil
5. Temperature indicator for electrical; heater •• ‘? ...
* * '< < •} • ';* a . , ■ ...
7’ . - * , 'f •- . .! ' .. \
6. Temperature controller for electrical; heater" ; '
7. Effluent gas incinerator^ ; i  . ; '
8. Medium reservoir \ ; iv •• V V"
9. Glass sphere reservoir ‘ ;< •.r.s '  ^ \  ■ v’
10. Storage tank for circulating warm water C
11. A ir lifts  s/ :■* • * */•’ . ' , v 1-
12. Fail/safe temperatur’e;Controller"for circulating waVp water
13. Pump for circulating warm water /• .. ‘ ; v
14. Pneumatically controlled steam ..valve
15. Gas supply to a ir l i f ts  controlled by: (3). ; g Vv*
Figure 3.6
Effluent Gas 
< 1 -------------
Air/CC>2
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3 mm diameter glass spheres which rested on a layer of 2 kg o f 7 mm diam eter 
glass spheres fo r e ffic ie n t drainage. The /  : packed substrate bed was
supported on a stainless steel plate (Fig. 3.7), perfora ted w ith  3 mm diam eter 
holes, mounted over the J in  BSP drain o f the glass sphere reservoir. Unpolished 
stainless steel was used to construct the inner vessel o f the glass sphere 
reservoir w h ils t m ild steel was used fo r the surrounding jacket. The medium 
reservoir was made from  the same m ateria ls to hold 80 litre s  o f cu ltu re  medium 
which was monitored by a calibrated re -sterilisab le  level gauge. Both reservoirs 
had (1) re-s te rilisab le  ports fo r charging medium, cells, virus and taking samples, 
(2) double-valved drainage points to prevent accidental loss o f virus and (3) 
jackets insulated w ith  Cosiwrap glass wool (Cosiwrap Ltd). In addition the 
sphere reservoir could be connected to a supply o f s te rile  a ir w h ils t e fflu e n t gas 
from  the medium reservoir was arranged to pass through an e le c tr ica lly  heated 
inc inerator (Elsworth et al, 1961), therm osta tica lly  contro lled a t 330°C. This 
equipment had a fa il-sa fe  mechanism so tha t in the event o f the inc ine ra to r 
tem perature fa lling  below 323°C the gas supply to the a ir l if ts  was au tom atica lly  
stopped. The stainless steel a ir lif ts ,  both 133 cm long, mounted in the medium 
reservoir were used to provide the required medium flow ra te  o f 1,500 m l/m in  
which was m onitored by a flow m eter (Platon Ltd) f it te d  between the o u tle t o f 
the glass sphere reservoir and the entry to the a ir lif ts . Sensors in both the 
medium reservoir and in the packed substrate bed were used to m onitor the 
in terna l tem perature o f the 100 li t re  glass sphere reservoir. To m ainta in the 
in terna l tem perature, warm water was circu lated through the jackets o f the 
propagator assembly. The tem perature o f w ater in the rec ircu la ting  system was 
contro lled by e ither (i) a steam heated coil regulated pneum atically (N eg re tti 
and Zambra), or (2) an e lec tr ic  element operated by an e lectron ic co n tro lle r 
(Diamond H Controls Ltd). A fa il-sa fe  mechanism was devised from  a 
therm ostat, set a t 2°C above the tem perature of the c ircu la ting  w ater, arranged 
to shut o ff  the c ircu la to ry  pump in the event o f a m alfunction o f the heating 
system.
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Figure 3.7 Schematic Arrangement of 100 litre  Glass Sphere Propagator
3.3 METHODS
(a) Glucose Assay
This was based on a stabilised glucose oxidase preparation w ith  4- 
aminophenazone as the oxygen receptor (Cheyne and G ilmore, 1973). For th is 
tes t a sem i-automated apparatus, made by Labco L td  ; was used which
required no deproteinisation o f the sample and presented the ra te  o f reaction in 
a d ig ita l form . The equipment was ca librated w ith  a series o f known standards 
and since the displayed num erical reaction ra te  was inversely proportional to the
concentration o f glucose, when both values were expressed as logarithm s (Fig.
I ' '  i
3.8 j), amount o f glucose present in test samples could be calculated. This 
com putation was s im p lified  by the use o f a pre-programmed e lectron ic  
ca lcu la tor (CBM SR 4190R). The whole analysis could be completed in about 20 
min which allowed process decisions to be made rapid ly and w ith  adequate tim e 
fo r them to be carried out.
(b) Assay fo r Lacta te  Dehydrogenase
The technique using a H ilger and Watts H1600 spectrophotom eter (Spier, 
1977) was adapted to a Technicon Auto Analyser (Technicon L td) arranged as 
shown in Fig. 3.9. For this assay the concentrations o f NADH and sodium 
pyruvate were reduced to 2 m g/m l. Such solutions, in 20 ml volumes m aintained 
at 4°C  being su ffic ien t fo r one working day. Phosphate buffered saline was used 
as the d ilu ten t and a solution o f 0.01% versene w ith  0 .02% trypsin as the wash. 
Samples fo r analysis were centrifuged in the same way as fo r conventional virus 
assays at 2,000g fo r 3 min. Cups o f sample and wash were arranged a lte rn a tive ly  
in the sample p late so tha t the displayed peaks returned to the base line. The 
concentration o f LDH was calculated from  the linear re lationship between 
optica l density and the logarithm  of known standards o f rabb it muscle LDH 
(Sigma Ltd) which is shown in Fig. 3.10. Calculation o f the amount o f LD H in
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Figure 3.8 Relationship Between Glucose Concentration and 
Digital Readout
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Figure 3.10 Relationship Between the Concentration of Lactate 
Dehydrogenase and Optical Density
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test samples was s im p lified  using the e lectron ic ca lcu la tor described above. The 
analysis could be completed in one hour which allowed su ffic ien t tim e to shut 
down cultures before therm al degradation reduced the yie ld o f virus.
(c) In itia tio n  o f BHK Monolayer Cell Growth in Propagators w ith  the Substrate 
Held in a Packed Bed
Before use the ce ll growth medium was prepared as described in Section 2.3. 
F lexib le process lines were closed w ith  Alexa tube clips (Henley's Medical 
Supplies L td). Connections between s te rile  process lines were made using the 
male and female connectors shown in Figure 3.11. Process flu ids were 
transferred to and from  glass sphere propagators by positive a ir pressure. 
Bottles w ith  capacities o f 250 ml to 2,000 ml and f it te d  w ith  charging heads 
(Figure 3.12) were used fo r transferring process flu ids to and from  glass sphere 
propagators.
i) 1 l i t re  glass sphere propagators: The medium lines leading to  and from  
glass the sphere chamber were f irs t  closed and the silicone rubber bung removed 
from  the glass sphere reservoir so tha t the concentrated inoculum o f 100 x 10^ 
viable cells in 200 m l o f ce ll growth medium, could be added. A fte r  re f it t in g  the 
silicone rubber bung the sampling and a ll the lines leading to and from  the 
medium reservoir were closed. The silicone rubber bung was then removed from  
the medium reservoir and 800 m l ce ll growth medium charged. A fte rw ards the 
silicone rubber bung was replaced and the medium reservoir sealed from  the 
environment fo r 24 hours. A t th is tim e the glass sphere reservoir Was connected 
to the medium reservoir and the lines between these two chambers opened. The 
glass sphere reservoir was fille d  com plete ly w ith  medium by b rie fly  opening the 
sampling line. Next the gas flow m eter assembly was connected to the a i r l i f t  and 
a m ixture  o f 5% CC^ in a ir at a rate o f 30 cc/m in  was passed to the a i r l i f t  to 
s ta rt the medium c ircu la ting .
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Apparatus Used for Making Sterile Transfers to and from Glass Sphere 
Propagators
A A
b  t> -j  ) mLic
i------------------------------------------------------------    ^
Figure 3.11 Male-Female Process Line Connectors
A. Polypropylene test-tube
B. Female connection (silicone rubber tubing)
C. Male connection (glass tube inserted into silicone rubber tubing)
Figure 3.12 Charging Bottle
A. Air f i l t e r
B. Stainless steel threated in let-outlet device
C. Male connector
D. Glass bottle (250 m l 500 ml, 1 l i t r e  or 2 l i t re  capacity)
ii)  10 li t re  glass sphere propagators: Before the cell inoculum was introduced 
in to  the glass sphere reservoir, a ll the lines leading to and from  the vessel were 
closed. Then the concentrated inoculum of 1,000 x 10^ viable cells in 2 litre s  o f 
ce ll growth medium was prepared in a 2- lit re  glass bo ttle  f it te d  w ith  a charging 
head. This apparatus was then joined th the charging line o f the glass sphere 
reservoir and the line opened. In addition the sampling line was opened so tha t i t  
could act as a s te rile  vent. The ce ll inoculum was then transferred to the glass 
sphere reservoir. A fterw ards, both the charging line and the sampling lines were 
closed. Then a ll the medium lines leading to and from  the medium reservoir 
were closed. A 100 li t re  stainless steel barrel containing ce ll growth medium at 
4°C  was then joined to the charging line o f the medium reservoir and the line 
opened. Next, a ir pressure was applied to the medium barrel so tha t 8 litre s  o f 
cu lture  medium could be transferred to the medium reservoir (previously 
calibrated fo r this flu id  volume). Then the charging line was resealed and the 
medium barrel returned to the 4°C coldroom. The medium reservoir was then 
stored in a 37°C hotroom (to allow the cu lture  medium to reach this 
temperature) fo r 24 hours. A t th is tim e the glass sphere reservoir was connected 
to the medium reservoir and the lines between these two chambers opened. The 
glass sphere reservoir was fille d  com pletely by b rie fly  opening the sampling line. 
Next the gas flow m eter assembly was connected to the a ir l i f t  line and a m ixture  
of 3% CO2 in a ir could be passed to the a ir l i f t ,  at a rate o f 230 cc/m in , to  s ta rt 
the medium c ircu la ting .
ii i)  100 lit re  glass sphere propagator: One day before ce ll growth was 
in itia ted  the 100 l i t re  glass sphere propagator was sterilised, by d irec t steam 
pressure, and kept in this condition by ste rile  a ir pressure. The in te rna l 
tem perature o f the propagator was adjusted to 37°C by operating the 
tem perature contro l system overnight.
The concentrated ce ll inoculum of 10,000 x 106 viable cells in 20 litre s  o f ce ll 
growth medium was prepared by f irs t making a ce ll suspension o f the required 
number o f cells in 2 litre s  of cell growth medium. This suspension was then 
charged to 18 litre s  o f ce ll growth medium, which had been stored overnight in a 
37°C hotroom, contained in the ce ll inoculation apparatus shown in Fig. 3.13. 
A fte r  m ixing, the C e ll Inoculation Apparatus was transported to the 100 l i t re  
glass sphere propagator and connected to the charging pot o f  the glass sphere 
reservoir. This vessel was then prepared fo r the reception o f the ce ll inoculum 
by (1) shutting the valves connecting the glass sphere reservoir to the medium 
reservoir, (2) blowing down any condensate in the glass sphere bed and (3) venting 
the positive a ir pressure through the Domnick Hunter a ir f i l te r .  The ce ll 
inoculum was then transferred to the glass sphere reservoir by opening the valves 
on the charging line and applying positive a ir pressure to the C ell Inoculation 
Apparatus. When this operation was complete the valves on the charging line 
were shut and positive a ir pressure applied, through the Domnick Hunter a ir 
f i l te r ,  to the glass sphere reservoir. Before ce ll growth medium was charged to 
the medium reservoir the a ir pressure in this vessel was vented through the 
e ffluen t gas incinerator. Then a 100 li t re  stainless steel beer barre l containing 
medium at 4°C was connected to the lower charging port o f the medium 
reservoir and the valves on th is line opened. Positive air pressure was then 
applied to the medium barrel and 80 litre s  of cell growth medium, determ ined by 
using the calibrated level gauge, was transferred to the medium reservo ir. When 
th is had been completed the valves on the charging line were shut, the medium 
barrel disconnected and the charging port re-sterilised by d irect steam pressure. 
The medium reservoir was put under positive a ir pressure using the a i r l i f t  
system. Tw enty-four hours a fte r the in troduction o f cells into the glass sphere 
reservoir, the temperature o f the medium in the medium reservoir had risen to 
37°C which was established by reference to the sensor in this vessel. The glass
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Figure 3.13 Cell Inoculation Apparatus for 100 l it re  Glass 
Sphere Propagator
A. Multiple male and female connectors
B. Air f i l t e r
C. In let-outlet device
D. 20 l i t r e  Pyrex glass bottle
E. Teflon coated bar magnet
F. Magnetic s tirre r
G. Mobile platform
k j  v_y w
sphere reservoir was then com plete ly fille d  w ith  medium by opening the valves 
on the line to the medium reservoir and b rie fly  opening the valves on the 
charging line so tha t excess medium flowed into the Ceil Inoculation Apparatus. 
This equipment was then disconnected from  the glass sphere reservoir and the 
charging port resterilised by d irec t steam pressure. Before medium c ircu la tion  
was started the pressure in the medium reservoir was vented through the 
e ffluen t gas inc inerator and the valves opened on the line taking medium from  
the bottom  of the glass sphere reservoir to the a ir lif ts .  Each a i r l i f t  was then 
connected to a flow m eter assembly and a supply o f a m ixture o f 5% CC^ in a ir 
which was generated from  the component gases. Medium c ircu la tion  was then 
started by passing the gas m ixture  to each a ir l i f t  at a ra te  of 750 cc/m in .
(d) Recovery o f BHK Monolayer Cells from  Propagators w ith  the Substrate Held 
in a Packed Bed.
The reagents used were described in Section 2.3 and the apparatus in Section
3.3.
i) 1 l i t re  glass sphere propagator: The medium lines leading to the glass
sphere reservoir were closed so tha t the glass sphere reservoir could be removed 
from  the medium reservoir. Next the silicone rubber bung was removed from  the 
glass sphere reservoir and the ce ll growth medium drained from  the vessel by 
opening the ou tle t line. This line was then closed and 150 ml trypsin solution was 
added to the glass sphere reservoir which was shaken gently at 5 min in terva ls. 
A fte r  15 min o f this trea tm ent the contents of the glass sphere reservoir were 
emptied into a 1 l i tre  glass beaker so tha t the resulting cell suspension could be 
decanted in to a 250 m l conical glass flask containing 50 ml serum. A second 
recovery o f cells from  the glass spheres was then carried out. For th is, 150 ml 
trypsin solution was added to the 1 l i t re  beaker containing the glass spheres, 
which was shaken gently at 5 min in tervals fo r 15 min. The resulting ce ll 
suspension was then decanted into a second 250 ml conical glass beaker 
containing 50 ml serum.
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ii) 10 li t re  glass sphere propagator: F irs t the medium lines leading to and 
from  the glass sphere reservoir were closed and the glass sphere reservoir 
separated from  the medium reservoir. A fte r separation the glass sphere 
reservoir was transferred from  the hotroom to the laboratory where the ce ll 
recovery process was carried out. For th is operation the glass sphere reservoir 
was secured to the p la tfo rm  of the v ib ra to r (R iley Syntron V ibratory Equipment 
Ltd) shown in | Plate 3.6 One empty 4 - litre  polypropylene bo ttle  f it te d  w ith  
charging head and two 2 - litre  glass bottles, each containing 300 ml of serum and 
charging heads, were then connected to the drain lines o f the glass sphere 
reservoir. The ce ll growth medium was then drained in to the 4 - litre  p lastic 
bo ttle  by opening the sampling and drain lines. A fte r reclosing the drain line, a 
4 - litre  polypropylene bo ttle  f ille d  w ith  trypsin and f it te d  w ith  a charging head 
was connected to the charging line o f the glass sphere reservoir. The trypsin 
solution was transferred to the substrate bed un til the glass spheres were just 
covered w ith  about 1,300 m l of trypsin. The flow  of trypsin was then stopped 
and the v ib ra tor energised. A fte r  3 min vibration w ith  am amplitude o f 0.7 mm 
at 30 Hz the trea tm ent was stopped fo r 5 min. Then the v ib ra to r was re- 
energised fo r a fu rthe r 5 min and then le ft  stationary fo r another 3 min. A t th is 
tim e the contents o f the glass sphere reservoir were discharged by positive a ir 
pressure applied to the sampling port, in to one of the 2 l i t re  glass bottles 
attached to the drain line o f the substrate bed. A second ceil recovery was then 
carried out using the same technique. The second trypsinisation was co llected  in 
the remaining 2 l i t re  glass bo ttle  connected to the drain line o f the glass sphere 
reservoir.
(e) Foot and Mouth Disease Virus Production in BHK Monolayer Cells Grown in 
Propagators w ith  the Substrate Held in a Packed Bed
Virus seeds fo r these propagators were stored in 2 litre  quantities as 50% 
glycero l solutions at -20°C. Before use the virus growth medium was adjusted to 
pH 7.2 w ith  concentrated hydrochloric acid and then warmed to 37°C. The 
equipment used was s im ila r to tha t described in Section 3.3.
i) 1 - litre  glass sphere propagators; The ce ll growth medium was drained from  
the propagator through the drain line provided on the bottom  of the glass sphere 
reservoir. The drain line was then closed and 980 ml of virus growth medium was 
poured in to the top o f the medium reservoir from  where i t  flowed in to the glass 
sphere reservoir. This vessel was com plete ly fille d  w ith  virus growth medium by 
b rie fly  opening the sampling line. The culture was infected w ith  20ml stock 
virus seed added to the medium reservoir. Medium c ircu la tion was then started 
by passing a m ixture  o f 5% CC^ in a ir at the rate o f 30 cc/m in  through the 
flow m eter assembly to the a ir l i f t .
ii) 10 lit re  glass sphere propagator: This propagator was in fected by adding 
the virus seed to the glass sphere reservoir. The glycerinated virus seed was 
d ilu ted w ith  virus growth medium so tha t the resulting virus suspension was 
su ffic ien t to cover the packed bed o f glass spheres. Using this technique allowed 
the virus growth medium in the medium reservoir to be heated from  4°C  to 37°C 
before the medium was c ircu la ted  through the propagator assembly.
The diluted virus seed was prepared from  1500 ml virus growth medium, 
adjusted to pH 7.2 w ith  concentrated hydrochloric acid then warmed to 37°C, 
and 200 m l of g lycerinated stock virus seed which were added to a 2 l i t re  glass 
bo ttle  f it te d  w ith  a charging head. This assembly was then transferred to the 
37°C hotroom which contained the 10 lit re  glass sphere propagator and joined to 
the charging port on the glass sphere reservoir. Next a 10 li t re  glass bo ttle  
f it te d  w ith  a charging head was joined to the drain line o f the glass sphere 
reservoir. This line was then opened and the ce ll growth medium drained from  
the propagator (by hydrostatic pressure) into the 10 litre  bo ttle . The glass 
sphere reservoir was then prepared fo r the addition of the diluted virus seed by 
closing the drain and medium entry lines. Then the sampling and charging lines 
were opened so tha t the diluted virus seed could be transferred, using positive a ir
pressure, to the glass sphere reservoir. When this operation had been completed 
the sampling and charging lines on the glass sphere reservoir were closed. Next 
a 100 li t re  stainless steel barrel, containing virus growth medium at 4°C  was 
joined to the charging line o f the medium reservoir. This line was then opened 
and 8 litre s  o f virus growth medium transferred to the medium reservoir. The 
charging line was then reclosed and the medium barrel returned to the 4°C  
coldroom. A heating tape, 8 f t  long and rated at 400 watts (E lectro therm a l 
Engineering L td) was then wrapped round the medium reservoir so tha t the 
tem perature o f the virus growth medium could be raised to 37°C. This was 
determined by sensors attached to the outside of the medium reservoir and took 
some 60 min. Then the 10 lit re  glass sphere reservoir was prepared fo r medium 
c ircu la tion  by opening the lines connecting the medium reservoir to the glass 
sphere reservoir. Next the glass sphere reservoir was fille d  com plete ly by 
b rie fly  opening the sampling line. Medium circu la tion  was then restarted by 
passing a m ixture  o f 3% CC^ in a ir to the a ir l i f t  at a rate o f 230 cc/m in .
iii)  100 li t re  glass sphere propagator: In fection of this propagator was carried 
out by a method s im ila r to tha t developed fo r the 10 l i t re  glass sphere 
propagator. This technique involved 6 stages, (a) preparation of the virus seed,
(b) the removal o f exhausted cell growth medium from  the glass sphere reservoir,
(c) the in troduction o f the virus seed in to the glass sphere reservoir, (d) the 
removal of exhausted cell growth medium from  the medium reservoir, (e) the 
f ill in g  o f the medium reservoir w ith  virus growth medium, and (f) res ta rting  the 
medium c ircu la tion .
A bo ttle  containing 2 litre s  glycerinated stock virus seed was f it te d  w ith  a 
charging head and then joined to the Virus Seed Apparatus which already held 18 
litre s  o f virus growth medium at 37°C. The glycerinated virus seed was then 
charged to  the virus growth medium. A fte r  m ixing the Virus Seed Apparatus was 
transported to the 100 l i t re  propagator and connected to the charging po rt o f the
glass sphere reservoir. The glass sphere reservoir was then isolated from  the 
medium reservoir by shutting the valves on the lines connecting these vessels. 
Next the exhausted ce ll growth medium was drained from  the glass sphere 
reservoir a fte r f irs t  applying positive a ir pressure through the Domnick Hunter 
a ir f i l te r  and secondly, opening the drain line. When the glass sphere reservoir 
had been cleared o f ce ll growth medium, the drain line was closed and the 
positive a ir pressure vented through the Domnick Hunter a ir f i l te r  and the line 
le f t  open. The d iluted virus seed was introduced in to  the glass sphere reservoir 
from  the Virus Seed Apparatus by opening the charging line and applying 
positive a ir pressure. When the transfer was complete the operation was 
concluded by (1) closing the charging line, (2) venting the a ir pressure, and (3) 
applying positive a ir pressure, through the Domnick Hunter a ir f i l te r ,  to the glass 
sphere reservoir. The medium reservoir was drained o f exhausted ce ll growth 
medium by opening the drain line. When this had been done the drain line was 
reclosed. A 100 li t re  stainless steel barrel containing virus growth medium, 
which had been stored overnight in a 37°C hotroom, was connected to the lower 
charging port o f the medium reservoir, and the valves on this line opened. 
Positive a ir pressure was then applied to the medium barrel and 80 litre s  o f virus 
growth medium, determined by using the calibrated level gauge, were 
transferred to the medium reservoir. When this operation had been completed 
the valves on the charging line were shut, the medium barrel disconnected and 
the charging port re-sterilised by d irec t steam pressure. Before medium 
c ircu la tion  was restarted the glass sphere reservoir was com plete ly f ille d  w ith  
medium by, (1) venting the positive a ir pressure through the Domnick Hunter air 
f i l te r ,  (2) shutting the line to the Domnick Hunter a ir f i l te r ,  (3) opening the 
valves on the lines connecting the glass sphere reservoir to the medium 
reservoir, and (4) b r ie fly  opening the valves on the medium line so tha t excess 
medium flowed in to the V ira l Seed Apparatus.
RESULTS
The un it process monolayer system, based on 3 mm diameter glass spheres, 
was scaled up to 100 litre s  using the Mk II 100 ml glass sphere propagator as the 
model. From experiments carried out w ith  this propagator and described in 
Chapter 2, i t  was decided to (1) pack the glass spheres in a s ta tic  bed w ith  a 
height to diam eter ra tio  o f 1:1, (2) pass medium down through the bed at a linear 
flow ra te  o f 2 cm /m in, (3) use an a ir l i f t  pump to c ircu la te  medium round the 
propagator, and (4) scale-up in ten-fo ld  steps to give apparatus equivalent to 10, 
100 and 1,000 Roux flasks. The process parameters o f the new propagators are 
shown in Table 3.1.
For c la r ity  these results may be grouped together in three sections:-
(1) pre lim inary investigations before scale-up (a) and (b)
(2) the growth o f BHK monolayer cells in glass sphere propagators (c) 
to (g).
(3) the production o f foo t and mouth disease virus in BHK monolayer 
cells grown in glass sphere propagators (h).
(a) Determ ination o f A ir l i f t  Parameters
The flu id  output from  the a ir l i f t  used in the 100 ml glass sphere was 
insu ffic ien t fo r the new propagators and so d iffe ren t a ir l if ts  had to be designed 
and bu ilt. For this the physical parameters which a ffected  the operation o f 
a ir l i f t  was studied (Figure 3.14).
i) E ffe c t of footpiece diameter on flu id  output: A ir l if ts  were constructed 
which were s im ilar in size to tha t used in the prototype propagator but w ith  
d iffe re n t diameter footpieces. The flu id  discharged from  each a i r l i f t  was 
measured at a constant input gas rate o f 15 cc/m in. Figure 3.14.A shows th a t 
increasing the diameter o f 'th e  footpiece increased the ra te  at which flu id  was 
pumped from  the a ir l i f t .
Table 3.1 Comparison of Four Scales of Glass Sphere Propgators
Glass Sphere Propagators
Working volume (litres) 0.1 1 10 100
2
Available surface area (cm ) 200 2,000 20,000 200,000
(M2) 2 20
Roux equivalence 1 10 100 1,000
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ii) E ffe c t o f lif t-p ip e  diam eter on flu id  output: A co llection o f a ir l if ts  was 
b u ilt which were s im ila r in size to those used in the 100 m l propagator except fo r 
the diam eter of the lift-p ip e s . By measuring the flu id  discharged from  each 
a ir l i f t ,  at a constant input gas flow ra te  o f 15 cc/m in, i t  was found tha t 
increasing the l i f t  pipe diam eter decreased the rate o f flu id  discharged from  the 
a ir l i f t  (Fig. 3.14.B).
ii i)  E ffe c t o f lif t-p ip e  length on flu id  output: Two a ir l if ts  were made which 
were s im ila r to tha t used in the orig inal glass sphere propagators but w ith  longer 
lift-p ip e s . When the flu id  discharged from  the test a ir l if ts  was compared w ith  
tha t from  the standard version, the ra te  at which flu id  was discharged increased 
as the length o f the lift -p ip e  increased (Fig. 3.14.C).
From these observations and those in Chapter 2, i t  was decided to achieve 
the higher flu id  outputs from  the a ir l if ts  fo r the scaled-up propagators by 
increasing the length o f the lift-p ip e  and raising the flow -ra te  of the pumping 
gas. For ease o f construction and com patability  the new a ir l if ts  retained the 
lift-p ip e  and footpiece diameters of the orig inal. Table 3.2 shows the dimensions 
o f the a ir l if ts  fo r the 4 scales of glass sphere propagator and the input gas 
flow rates needed to produce flu id  discharge rates su ffic ien t fo r a linear flow ra te  
o f 2 cm /m in.
(b) Comparison o f Fresh and 4°C Stored Inocula fo r the Growth o f BHK 
Monolayer Ceils in Roux Flasks
I f  harvested cells could be stored at 4°C fo r several days before they were 
used to in itia te  cultures, i t  would be an advantage. Such an arrangement would 
a llow , (1) the cells to be tested fo r the presence o f m icro-organisms, (2) the 
cu lture process to be started w ithout delay imposed by harvesting the inoculum, 
and (3) a ll scales o f glass sphere propagators to be operated under s im ila r 
regimes. The idea was evaluated by growing BHK monolayer cells, in Roux 
flasks, from  inoculum a fte r 3 days storage at 4°C and freshly harvested (Table 
3.3). Since both types o f inoculum produced comparable ce ll growth subsequent
Table 3.2 Parameters of the A ir lif ts  Used for Four Scales of Glass
Sphere Propagator.
Working Volumes of Propagators 
( litres)
0.1 1 10 100
Circulating Medium 
Flowrate ml/min.)
18 72 380 1,500
Length of Lift-Pipe (cm.) 7 28 70 2 x 135
Pumping Gas 
Flowrate (cc /min)
15 30 250 2 x 750
Table 3.3 Comparison of Fresh and 4°C Stored Inocula for the 
Growth of BHK Monolayer Cells in Roux Flasks
Treatment of Cell Inoculum Viable Cells 6 
Recovered (x 10 )
Used Immediately 
Stored for 3 Days at 4°C
117+40 (69) 
113+37 (51)
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cultures o f BHK monolayer cells, in both Roux flasks and glass sphere 
propagators, were started from  harvested cells stored fo r 3 days at 4°C.
(c) Determ ination o f Cell Growth in Glass Sphere Propagators
When anchorage dependent cells are grown in Roux flasks the ir progress is 
easily monitored w ith  an inverted microscope. This allowed the whole o f the 
substrate surface to be examined fo r the form ation o f a confluent ce ll 
monolayer. U nfortunate ly, this method o f determ ining maximum growth is o f 
lim ite d  use when cells are grown in glass sphere propagators. Only the outer 
layers of cells can be seen and i t  is d if f ic u lt  to determ ine i f  these are 
representative o f the whole bed. Another way o f identify ing  ce ll growth fo r 
glass sphere propagators was needed and this was attem pted in two ways. F irs tly  
by sampling the substrate and counting the number o f cells, and secondly, by 
analysing the growth medium fo r the depletion o f a nu trien t. This was then 
corre lated w ith  the number o f cells present.
i) Sampling the substrate: Sampling the substrate is not usually p rac tica l. 
However, the use o f small glass spheres allowed a portion o f the bed to be 
removed fo r analysis. This was done w ith  the help o f a specially designed core 
sampler (Plate 3.5) which (a) had a hinged flap to reta in  the glass spheres and (b) 
could be sterilised by autoclaving. The device was used to aseptically remove 
glass spheres from  the substrate beds of 1 l i t re  propagators in order to determ ine 
ce ll growth. Cells were detached from  the sample o f glass spheres w ith  trypsin  
using the technique previously described (Section 2.3). The number o f cells 
recovered from  the sample was expresssed in terms of the available surface area 
(calculated from  the weight o f glass spheres in the sample). Comparison o f the 
ce ll yields obtained from  the core sample and the whole substrate bed (Table 3.4) 
showed the sample to give a s lightly  op tim is tic  assessment of ce ll grow th. 
However, the technique could be used to m onitor cell growth in glass sphere 
propagators. Care was needed w ith  the technique because each sample removed
-1 3 0 -
P la te  No. 3.5 C ore Sampler
- 1 31 -
Table 3.4 Comparison of the-Cell,s Recoveries’-from Samples of the 
Substrate Bed with those from/thVWHole;»Ptropagator
' V.*1 *•-* * * v;
*. v * *
■ * ♦ ■ * - 5  2 
.Viable Cel is Recovered ( x 10 /cm
;♦* " ' * ’ ' t“ ..
v Sample * Propagator
; ;
Mean ' . ' 8.04' ' - k '’ I*'
•.*- , ** r
'♦ * . *1 *■ \
i V  6.68
Standard of Deviation -v' ; ’ 0 .84' V' % /
* } i ' 
0.86
■ •* .
Number of Observations' >'?
* • ft
■r 8 * •' V y C ?  
* *
The average weight of-glass .spheres removed* per, sample^was 13.2g + 4.5g.
* * * . ..
This range represents.-1..7 to '3.5%'pf the substrate - bed. /
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2 to 3% of the glass spheres and repeated sampling caused disruption o f the 
substrate bed.
ii)  Measurement o f glucose concentration: Since the growth surface in glass 
sphere propagators cannot be examined w ithout disturbing the substrate bed 
a lte rna tive  ways of m onitoring ce ll growth were investigated. The measurement 
of physical parameters, such as pH and dissolved oxygen, was re jected fo r lack o f 
precision and the need to introduce sensing equipment. Such sensors presented a 
possible s te r ility  hazard and could not be f it te d  in to the 100 m l propagators. 
However, since the cu lture  medium in glass sphere propagators was homogeneous 
i t  was sampled and analysed to provide an ind irec t biochemical m onitor o f ce ll 
growth. For this the glucose concentration was measured and compared to the 
number o f cells recovered during the period o f cu lture. From this comparison a 
technique was developed which enabled the tim e o f maximum cell growth to be 
determ ined. By m onitoring ce ll cultures in 100 ml glass sphere propagators and 
Roux flasks i t  was found tha t a drop in glucose concentration from  the orig ina l 
3 .6g /litre  to between 1.5 and 2 g / litre  coincided w ith  normal ce ll growth (Table 
3.5). This observation was tested in the 1 li t re  and 10 litre  propagators and 
Table 3.6 shows tha t normal ce ll growth again occurred when the level o f glucose 
dropped below 2 g /litre . Since this figure had been verified  in 3 scales o f glass 
sphere propagator and in Roux flasks i t  was used to determine when ce ll growth 
had taken place in the 100 lit re  version. Figure 3.15 shows the typ ica l glucose 
levels measured during the incubation period o f BHK monolayer cells in 4 scales 
of glass sphere propagator and in Roux flasks. The rate of glucose consumption 
d iffe red  only in the 100 litre  propagator which took 5 days instead o f 4 days fo r 
the level o f glucose to fa ll below 2 g / litre . Subsequently, ce ll growth was 
m onitored in glass sphere propagators by measuring the concentration o f glucose 
in the c ircu la ting  medium.
Table 3.5 Comparison of the Levels of Glucose in the Culture Medium
with the Cells Recovered from 100 ml Glass Sphere Propagators 
and Roux Flasks
Sys tern Glucose 
Concentration 
(g l i t re )
Harvested
Cells
(x 10 /ml)
Number of 
Observations
Roux Flask 1,6 + 0.5 109 + 38 23
100 ml Propagator 1.7 + 0.4 154 + 54 16
Table 3.6 Comparison of the Levels of Glucose in the Culture Medium 
of Three Scales of Glass Sphere Propagator at Tine Cells 
were Recovered
Sys tern Glucose
Concentration
(g /l itre )
Number of 
Observations
Roux Flask 1.6 + 0.5 23
0.1 l i t re  
Propagator 1.9 + 0.5 29
1 1i tre 
Propagator 1.6 +0 . 3 140
10 l i t re  
Propagator 1.6 + 0.3 60
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Figure 3.15 Typical Glucose Levels During the Growth of BHK Monolayer 
Cells in Different Scales of Glass Sphere Propagators
3.5 —
2.5 —
2 . 0  —
Elapsed Time (hours)
A A Roux flask
0 0 100 ml glass sphere propagator
• -------- •  1 l i t re  glass sphere propagator
D----- - a  10 1 itre  glass sphere propagator
■----- —m  100 l i t re  glass sphere propagator
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(d) Recovery o f BHK Monolayer Cells from  1 and 10 L itre  Glass Sphere
Propagators
The technique previously described fo r recovering cells from  100ml glass 
sphere propagators (Section 2.3) was used, w ith  a second trypsinisation, at the 1 
lit re  scale. However, this process o f removing the glass spheres from  the 
propagator was im practica l fo r 10 l i t re  glass sphere propagators and so an in- 
place harvesting procedure was developed.
i) 1 l i t re  glass sphere propagators: Two ways o f recovering cells from  glass 
sphere propagators were possible; (1) an in-place technique which did not disturb 
the substrate bed, and (2) removal o f the glass spheres from  the substrate 
reservoir. The in-place system was re jected because of the elaborate process 
requirements. Instead a sim pler method was developed which was s im ila r to tha t 
used to recover cells from  100 ml glass sphere propagators but w ith  the inclusion 
o f a second trypsin isation stage. Table 3.7 shows that some 82% o f the to ta l ce ll 
recovery came from  the f irs t  trypsinisation and a fu rthe r 18% from  the second 
trypsin trea tm ent.
ii)  10 lit re  glass sphere propagators: In itia lly  cell growth in 10 l i t re  glass 
sphere propagators was determined by detaching the cells from  the glass spheres 
w ith  trypsin solution a fte r the glass spheres had been removed from  the 
substrate reservoir. Though this process measured cell growth as shown in Table 
3.8, i t  was not a p rac tica l technique since i t  relied upon opening the substrate 
reservoir and tipping the glass spheres in to plastic buckets. A be tte r method was 
required which (1) could be carried out aseptically, and (2) did not d isturb the 
substrate bed. To meet these requirements a technique of in-place trypsin isa tion  
was developed. When the technique was f irs t  tried  w ith  a s ta tic  substrate bed 
only 30% of the cells attached to the glass spheres were recovered and fu rth e r 
applications o f trypsin did not produce quantita tive  ce ll recoveries. Previously, 
at the 100 ml and 1 l i t re  scales, cells had been detached from  glass spheres w ith
Table 3.7 Recovery of BHK Monolayer Cells from 1 Litre Glass
Sphere Propagators
Number of Cells Number of
Recovered (x 10 ) observations
First trypsinisation 1165 + 164 33
Second trypsinisation 265 + 99 33
Total 1428 + 207 33
Table 3.8 Recovery of BHK Monolayer Cells from 10 Litre Glass.Sphere
Propagators by Dismantling the Substrate Bed
Method Viable Cells g Recovered (x 10 )
Trypsinisation of 7 
Portions of Glass Spheres
Trypsinisation of 4 
Portions of Glass Spheres
14,168
11,505
g
The average number of cells recovered in this experiment was 12,837 x 10
£which corresponds to 1.28 x 10 cells/ml of culture medium used.
trypsin and gentle shaking. Since the 10 litre  glass sphere reservo ir was too 
large to shake by hand, i t  was mounted on a vibrating p la tfo rm  (P late 3.6). Using 
a combination of trypsin trea tm ent and vibration ce ll recoveries improved u n til 
90% o f the cells attached to the glass spheres were liberated in the f irs t  
trypsinisation (Table 3.9). For subsequent recoveries o f cells from  10 li t re  glass 
sphere propagators a process o f trypsin trea tm ent and v ibration was used. The 
substrate bed was vibrated at an amplitude o f 0.7 mm at 50 Hz fo r two periods 
of 5 min during an operating tim e o f 20 min. Cells recovered in th is way were
used to in itia te  ce ll growth in other 10 l i t re  propagators and in the 100 l i t re
vessel.
(e) E ffec t o f D iffe ren t Gas Rates to the A ir l i f t  o f Glass Sphere Propagators on 
the Growth o f BHK Monolayer Cells
The e ffe c t o f d iffe re n t medium circu la tion  rates on the growth o f BHK 
monolayer cells in 1 litre  glass sphere propagators was determ ined. For th is 
d iffe ren t rates of 5% CC^ in a ir were supplied to the a ir l if ts .  The
greatest number o f cells was recovered from  propagators which were provided
w ith  a pumping gas m ixture  flow ra te  o f 30 cc/m in which corresponded to  a
medium flow ra te  o f 72 m l/m in  and a linear flow ra te  o f 2 cm /m in. This linear 
flow ra te  had also produced the highest yield o f cells in 100 m l glass sphere 
propagators (Chapter 2) and showed the value o f the prototype propagators as 
models for evaluating the glass sphere un it process monolayer system.
(f) Comparison o f the Growth o f BHK Monolayer Cells in Three Scales o f Glass 
Sphere Propagator and in Roux Flasks
Cell growth experiments in d iffe ren t scales o f glass sphere propagator and 
Roux flasks were carried out w ith  the ra tio  of substrate area to medium volume 
constant at 2:1. This was done because alterations in this ra tio  could have 
influenced ce ll p ro life ra tion  and invalidated the comparison o f scale-up 
e ffic iency. In order to compare the number of cells produced from  the 1,000-
-1 3 9 -
Plate No. 3.6 10 litre  Glass Sphere Reservoir Mounted on 
V ibrating P la tform
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Table 3.9 The Recovery ,of BHK Monolayer Cells from 10 Litre Glass 
Sphere .Propagators by Vibration of the'Intact Substrate
; « ,■ s » ■ ' * , f «-'■
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Vibration >•;. • ’ • ■ . ; - Q•* Viable Cells Recovered (x 10 )
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; 0.1
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fold scale-up the ce ll yields have been expressed as 10^ cells recovered per m l o f 
cu ltu re  medium used. Table 3.10 shows tha t the yields o f BHK monolayer cells 
harvested from  3 scales o f glass sphere propagator compared favourably w ith  
those from  Roux flasks and tha t the va ria b ility  was sim ilar. The 1 lit re  version 
produced the highest yie ld o f cells and was equivalent to 13 Roux flasks ra ther 
than the expected 10 Roux flasks. Although the 10 litre  apparatus was the least 
e ffic ie n t system, i t  was able to generate cells equivalent to its  designed 
expectation o f 100 Roux flasks. C ell seeds fo r the 1 litre  and 10 li t re  propagator 
were obtained from  Roux flasks and other glass sphere propagators. The results 
in Table 3.10 demonstrate the su itab ility  o f these methods o f ce ll seed 
production both fo r these propagators and larger versions.
(g) The E ffic iency o f Glucose U tilisa tion  in D iffe ren t Scales o f Glass Sphere 
Propagator and in Roux Flasks
Glucose u tilisa tion , determ ined as 10^ cells produced per mg glucose 
consumed, was calculated fo r 3 scales o f glass sphere propagator and Roux 
flasks, is shown in Table 3.11. The most e ffic ie n t u tilisa tion  o f glucose was in 
the 100 m l propagators and the least e ffic ie n t systems were the 10 l i t re  
apparatus and Roux flasks.
(h) The Production o f Foot and Mouth Disease Virus in BHK Monolayer Cells 
Grown in Glass Propagators
Foot and mouth disease virus can be grown to produce e ither in fectious virus 
or antigen. Since both these products decay, due to therm al degradation, i t  is 
im portant fo r vaccine m anufacture to term inate cultures as soon as the desired 
product reaches its  maximum value. U nfortunately, the established quan tita tive  
tests take many hours and so virus harvesting times have to be in fe rred  from  
previous s im ila r cultures or from  the secondary effects of virus on ceils. This 
phenomenon can be determ ined visually by observing the cytophatic e ffe c t. This
Table 3,10 Production of BHK Monolayer Cells in Different
Scales of Glass Sphere Propagator
System Cells Recovered 
(x 10"6/ml)
Number of 
Observations
Roux Flask 1.05 + 0.38 179
0.1 l i t re  
Propagator 1.18 + 0.33 95
1 l i t re  
Propagator 1.33+0.39 143
10 l i t re  
Propagator 1.05+0.20 60
Table 3.11 Comparison of the Utilisation of Glucose for the Growth
of BHK Monolayer Cells in Different Scales of Glass Sphere 
Propagator and Roux Flasks
Sys tern Glucose Utilization  
(10 cells/mg glucose
!
Number of 
Observations
Roux Flask 0.5 + 0.2 23
0.1 l i t re  Propagator 0.7 + 0.3 23
1 l i t re  Propagator 0.6 +0 . 2 137
10 l i t r e  Propagator 0.5 + 0.1 60
appearance of holes in the ce ll sheet is regularly used to m onitor the 
development of in e ffe c tiv ity  when virus is grown in Roux flasks. U nfortunate ly, 
glass sphere propagators do not allow a satis factory visual inspection to be made 
and so the cytopath ic e ffe c t could not be monitored. For the rapid assessment 
o f virus production in glass sphere propagators a new technique was developed 
which m onitored the secondary e ffec ts  o f virus replication.
i) Measurement o f LDH concentration in supernatant flu id  to m onitor virus
production: I t  is well known tha t injured cells show progressive leakage of 
th e ir in te rna l constituents. I f  one o f these ce llu lar components could be 
m onitored during virus growth in glass sphere propagators i t  would be a valuable 
ind irec t assessment o f virus replication.* In prelim inary tests, in Roux flasks, the 
enzyme lac ta te  dehydrogenase was detected in the culture flu id  when foo t and 
mouth disease virus was grown in BHK monolayer cells. This technique was 
transferred to an autoanalyser in order to make a more detailed study, w ith  a 
be tte r standardised assay and more samples, o f the release o f lac ta te  
dehydrogenase in virus cultures carried out in glass sphere propagators. I t  was 
found tha t the level o f lacta te  dehydrogenase in the supernatant flu id  rose to a 
plateau corresponded to the maxima fo r infectious and antigenic virus 
respectively. Figure 3.16 shows the levels o f lacta te  dehydrogenase measured 
during a typ ica l cu lture  o f foot and mouth disease virus in BHK monolayer cells 
which was carried out in a 1 l i t re  glass sphere propagator
The level o f lacta te  dehydrogenase in the c ircu la tion  medium of glass sphere 
propagators can be used to m onitor abnormal as well as normal patterns o f virus 
growth. Abnormal virus growth may be the result of poor adaptation to the 
chosen mammalian ce ll or inadequate cu ltu ra l conditions. Figure 3.17 compares 
the growth in BHK monolayer cells, at the 1 lit re  scale, o f 3 normal strains of 
foot and mouth disease virus, C Noville , O, BFS 1860 and SAT3 bee 1/63 w ith  
tha t o f the abnormal A22 Greece 1/72. Although A22j virus produced its
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maximum virus yields some 24 hours la te r than the other strains, the levels o f 
lacta te  dehydrogenase in the cu ltu re  flu id  s t ill corresponded to the in fectious 
and antigenic maxima.
The measurement of lacta te  dehydrogenase in supernatant flu id  was useful 
fo r m onitoring the growth o f foo t and mouth disease virus in BHK monolayer 
cells at all scales o f glass sphere propagator operation. Figure 3.18 shows the 
patterns o f lactate dehydrogenase released during the growth o f the 01 BFS 1860 
stra in  o f foot and mouth disease in BHK monolayer cells at the 1, 10 and 100 
lit re  scales.
ii)  Infectious virus production: The maximum yields of in fectious virus 
obtained from  growing 4 strains of foot and mouth disease virus in BHK 
monolayer cells in 4 scales o f glass sphere propagators and in Roux flasks is 
shown in Table 3.12. With one exception, that o f 01 BF51860 in the 100 l i t re  
propagator, the p roductiv ity  o f glass sphere propagators from  0.1 l i t re  to 100 
litre s  is comparable to Roux flasks.
ii i)  Antigenic virus production: As the number o f cells produced in the 100 
lit re  propagator was not determ ined, the maximum yields of antigenic foo t and 
mouth disease virus obtained from  the 4 scales o f glass sphere propagator cannot 
be compared on a un it ce ll basis. Therefore the maximum yields o f antigen 
produced when 4 strains o f foo t and mouth disease virus were grown in BHK 
monolayer- cells in d iffe re n t scale glass sphere propagators and in Roux flasks 
was compared as c fu /m l. Table 3.13 shows that, w ith  the exception o f the 100 
lit re  propagator, the maximum yields o f antigenic virus from  glass sphere 
propagators compare favourable w ith  those from  Roux flasks. Indeed although 
the 10 lit re  system only produced cells num erically equivalent to 100 Roux flasks 
the amount of antigen produced by this propagator was greater than expected. 
This was probably due to the be tte r environmental contro l in the glass sphere 
propagator compared to those in Roux flasks. Table 3.14 has been constructed 
to show the number o f Roux flasks needed to produce the quantity  o f v ira l 
antigen generated in the d iffe re n t scales o f glass sphere propagator.
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Table 3.14 Comparison of the Observed Antigenic Foot and Mouth Disease
Virus Production with that Expected from Different Scales of 
Glass Sphere Propagator
Roux Equivalents
0.1 l i t re 1 litre 10 litres 100 litres
Design 1 10 100 1,000
C Novi lie 1 17 131 779
01 BFS 1860 2 25 179 794
SAT3 Bee 1/65 1 15 162 720
A22 Greece 1/72 1 18 110 630
DISCUSSION
The data presented in this report c learly  demonstrated the feas ib ility  o f 
scaling-up the unit process monolayer system based on s ta tic  beds o f 3 mm 
diam eter glass spheres. This finding is confirm ed by other workers using s im ila r 
reactors (Burbridge, 1979; Robinson, 1979; Mann et al., 1979; Neas and Perez, 
1979).
The growth o f BHK monolayer cells on glass spheres was most extensive in 
the 1 li t re  propagator. The fa ll o ff in ce ll yields at the 10 li t re  scale can be 
a ttribu ted  to the way in which this system was operated. When the glass sphere 
technique was scaled-up from  0.1 l i t re  to 10 litre s  the linear ra te  at which 
medium flowed down the substrate bed was fixed at 2 cm /m in as this ra te  had 
been shown to be optim al at the 0.1 lit re  scale (Chapter 2). However, at the 10 
li t re  scale the gas flow  to the a ir l i f t  necessary to obtain the required linear flow  
of medium was disproportionately low. This lower aeration had two 
consequences, (1) a decrease in the level o f dissolved oxygen, and (2) a decrease 
in the pH of the medium. When the flow  o f gas to the a ir l i f t  was increased the
9
yields o f cells rose s ign ifican tly . Cell yields of 13.6 + 1.9 x 10 viable cells 
(from  nine observations) were obtained which made the 10 l i t re  system 
comparable to the 1 l i t re  propagator.
Observations o f the glucose concentrations in cell growth medium showed 
tha t, w ith  the exception o f the 100 l i t re  propagator, the rates at which glucose 
was used were comparable. The 100 lit re  system consumed glucose at a lower 
rate and its  ce ll growth cycle was norm ally extended to 120 hours before the 
addition o f virus seed. However, when the a irflow  rate was increased the 
glucose concentration declined at a rate equivalent to the other scales o f glass 
sphere propagator so tha t the growth cycle was considered complete a fte r 96 
hours.
The amount of virus produced re lated closely to the yield o f cells. The most 
noticeable d ifference occurred at the 100- l it re  scale which produced virus at a 
lower concentration than tha t from  the sm aller scale propagators. This lower 
yield could be a ttr ib u te d  to a lower ra te  o f aeration also, since in a single 
experiment w ith  an increased aeration ra te  and using only o n e -fifth  o f the serum 
concentration, the yie ld o f 01 BFS 1860 virus rose to 120 c fu /m l which shows its  
potentia l fo r fu rthe r improvements.
The value o f the measurement o f the concentration o f LDH in the virus 
cu ltu re  medium was c learly  shown w ith  the A22 Greece 1/72 strain which did not 
achieve its  maximum antigenic virus concentration un til 72 hours, a feature 
which was f irs t noticed by in te rp re ta tion  o f the data from  the enzyme assay.
S tatic beds o f small glass spheres can c learly  serve in a process methodology 
designed to operate w ith  large scale un it process propagators fo r the production 
and use o f monolayer cells. While a lte rna tive  un it process monolayer systems 
based on m icrocarriers are feasible (van Wezel, 1967; Spier and Whiteside, 1976) 
the glass sphere technique has the advantages o f (1) using glass as the substratum 
fo r supporting ce ll growth and (2) robust s im p lic ity  which gives more re liab le  
operation. The exp lo ita tion o f these advantages is now being carried out.
Chapter 4
Exp lo ita tion and Optim isation
INTRODUCTION
The orig ina l in ten tion fo r this project was to build a large scale un it process 
monolayer system, based on a packed bed o f small glass spheres, to grow, strains o f 
foo t and mouth disease virus which could not be adapted to grow in conventional 
cultures o f BHK suspension cells. Since this has now been achieved the apparatus can 
be exploited by investigating the production o f d iffe ren t animal viruses in suitable 
anchorage-dependent cells. In addition, sophisticated process contro l can be 
introduced in to the basic process to optim ise and better understand the conditions 
prevailing during cu ltu re  and in the packed bed o f glass spheres.
The exp lo ita tion  o f the glass sphere technique was investigated by using the 
propagators fo r the growth o f prim ary cells since these were the most d iffe re n t 
anchorage dependent cells from  the orig ina lly  used im m orta l line o f BHK monolayer 
cells. For this work chick embryo fibroblasts were grown at the 100 m l scale. The 
v ira l susceptib ility  o f these cells was tested w ith  an attenuated stra in  o f human 
influenza virus.
Another exp lo ita tion  of the glass sphere propagator technique was carried out by 
using larger scales of the apparatus fo r the production of swine vesicular disease v ira l 
antigen. This m ate ria l was required fo r (a) the laboratory diagnosis o f the disease and
(b) the preparation o f experimental vaccines. Since swine vesicular disease w ill not 
grow in BHK cells (a fac to r used in laboratory diagnosis) i t  is cultured in pig kidney 
cells. The line usually used fo r this purpose is styled IB-RS-2 (de Castro, 1964). 
Although these cells were reported to grow in submerged culture up to  the 4 - litre  
scale (Chapman and Ramshaw, 1971), this a b ility  has now been lost (Chapman, personal 
communication), For these reasons the requirement fo r large quantities o f swine 
vesicular disease virus was met by growing IB-RS-2 pig kidney monolayer ce lls in glass 
sphere propagators.
Culture parameters in glass sphere propagators were optim ised in three 
investigations. The f irs t  involved studying the growth o f BHK monolayer cells under 
contro lled levels o f pH and dissolved oxygen. This work necessitated designing and 
building suitable measurement and contro l systems fo r the unstirred propagators. In 
addition the oxygen electrode described by Borkowski and Johnson (1967) was improved 
to make i t  more re liab le . Novel ways of chem ically sterilis ing the pH and oxygen 
electrodes were also developed. The second culture parameter examined was the 
aeration o f glass sphere propagators. This was done by measuring the maximum 
oxygen transfer rates at d iffe ren t scales o f operation and determ ining the maximum 
oxygen demand o f BHK monolayer cells. From this in form ation, new flow  rates were 
defined fo r the gas supplied to the a ir l if ts  in glass sphere propagators so tha t ce ll 
growth would not be lim ite d  by lack o f oxygen. The th ird  parameter studied was the 
d is tribu tion  of cells and the ir subsequent growth in packed beds o f glass spheres w ith  
height to diameter ratios up to 12:1.
.2 MATERIALS
(a) Medium
i) BHK monolayer ce lls : The medium used fo r ce ll growth was described 
previously in Sections 2.2 and 3.2. For virus growth the medium contained no serum 
but was supplemented w ith  10% isotonic saline and the concentration o f sodium 
bicarbonate was increased to 3.3 g / litre .
ii)  Chick embryo fibroblasts: For cell growth the medium was s im ila r to tha t 
used fo r the growth o f BHK monolayer cells except tha t 10% unheated foe ta l bovine 
serum was used instead of untreated adult bovine serum. The medium fo r virus growth 
contained no serum but was supplemented w ith  23% of a nu trien t solution prepared to
74.621 g / litre  
0.43 g / litre  
1.35 g / litre  
0.956 g / litre
10.0 g / litre
the fo rm ula tion  o f Bovarnick et al (1950):- 
Sucrose
Potassium Dihydrogen Orthophosphate 
Dipotassium Hydrogen Orthophosphate 
Human Serum Albumin 
Monosodium G lutamate
ii i)  IB-RS-2 pig kidney monolayer ce lls : The composition of the medium used fo r 
ce ll growth was the same as tha t used fo r the growth o f BHK monolayer cells. Virus 
growth was carried out in medium which contained no serum but was supplemented 
w ith  10% isotonic saline and had the concentration o f sodium bicarbonate increased to 
3.3 g / litre .
(b) C ell Inocula
i) Chick embryo fib rob lasts: The inocula fo r prim ary cultures of chick embryos
were produced from  11 day old fe rtilised  hen eggs obtained from  the Chemical
Defence Establishment, Porton Down. For Roux flasks and glass sphere propagators
5 2the sta rting  ce ll concentration was kept constant at 1 x 10 viable ce lls /cm  of 
available surface area (2 x 10 ce lls /m l o f medium).
ii) IB-RS-2 pig kidney monolayer ce lls : The monolayer line of pig kidney cells, 
designated IB-RS-2 (Ins titu to  Biologico - Renal Swine - 2), was started from  the kidney 
cortex o f a 3 month old pig in January 1962 by de Castro (1964). A fte r  154 serial 
passages the parent ce ll line was cloned (Castro and Koseki, 1967) and one o f these 
clones, clone 60, was maintained beyond the 100th serial passage in Roux flasks.
For the investigations reported the IB-RS-2 pig kidney ce ll line was grown in
Roux flasks and in glass sphere propagators from  inocula produced in both types of
4
cu lture  system. The s tarting  ce il concentration was kept constant at 5 x 10 viable
2 5cells/cm  o f available surface area (1 x 10 ce lls /m l of medium) fo r a ll cu ltu re
systems used.
(c) Virus Seeds
i) Human influenza v irus: Stocks o f virus seed were prepared by cu ltu ring  the 
WSN attenuated stra in  o f human influenza virus in 9 day old fe rtilised  hen eggs and 
then storing the harvests in 3 ml at -70°C. This m ateria l contained approxim ate ly 7 
log^gPfu/m l and was used to in fec t chick embryo fibroblasts in both Roux flasks and 
glass sphere propagators at the ra te  o f 0.1 m l per 100 ml of culture volume.
ii) Swine vesicular diseasse virus: The UKG 2 1  1 1 1  s tra in  o f swine vesicular 
disease virus was grown in a l i t re  glass sphere propagator, mixed w ith  an equal volume 
of glycerol and stored a t -20°C. This m ateria l was used to in fec t IB-RS-2 pig kidney 
monolayer cells at the ra te  o f 2 m l per 100 ml o f cu lture corresponding to some 25 pfu 
per ce ll.
.3 METHODS
(a) In itia tio n  o f Cell Growth.
The methods previously described (Sections 2.3 and 3.3) fo r in itia tin g  the grow th 
o f BHK monolayer cells in glass sphere propagators and in Roux flasks were used to 
s ta rt cultures of IB-RS-2 pig kidney monolayer cells and chick embryo fibroblasts.
(b) Recovery o f Cells from  Roux Flasks
i) Chick embryo fib rob lasts ; The method described previously fo r the recovery o f 
BHK monolayer cells from  Roux flasks (Section 2.3) was modified by (a) increasing the 
volume of 0.25% trypsin solution to 20 m l, (b) leaving the trypsin in contact w ith  the 
cells fo r 30 min, and (c) stopping the action o f the trypsin w ith  20ml o f unheated 
foe ta l bovine serum.
ii) IB-RS-2 pig kidney monolayer cells: The technique described previously fo r 
the recovery o f BHK monolayer cells from  Roux flasks (Section 2.3) was m odified in 
two ways by (a) washing the ce ll sheet w ith  20 mis o f calcium and magnesium-free 
phosphate buffered saline solution before (b) using 15 ml o f 0.01% EDTA w ith  0.02% 
trypsin solution to release the cells from  the glass.
(c) Recovery o f Cells from  Propagators w ith  the Substrate held in a Packed Bed
i) Chick embryo fib rob lasts: The technique described previously fo r the recovery 
o f BHK monolayer cells from  100ml glass sphere propagators (Section 2.3) was 
m odified by (a) leaving the trypsin solution in contact w ith  the cells fo r 30 m in and (b) 
stopping the action o f the trypsin w ith  20 ml o f unheated foeta l bovine serum.
ii) IB-RS-2 pig kidney monolayer cells: The methods previously described fo r the 
recovery o f BHK monolayer cells from  glass sphere propagators (Sections 2.3 and 3.3) 
were m odified in two ways by (a) washing the cells w ith  calcium and magnesium-free 
phosphate buffered saline solution before (b) using 0.01% EDTA w ith  0.02% trypsin 
solution to release the IB-RS-2 pig kidney monolayer cells.
2+ 2 1
The volumes o f Ca and Mg free phosphate buffered saline solution used fo r 
d iffe ren t scales of glass sphere propagator were:- 
0.1  l i t re  propagator 20 ml
1.0 l i t re  propagator 200 ml
10 l i t re  propagator 2 litre s
(d) Virus Assays
i) Human influenza v irus; In fective  virus was measured by the plaque assay tes t 
(Cooper, 1962) as plaque form ing units per m ill i l i t re  (p fu /m l) using chick embryo 
fibroblasts.
ii) Swine vesicular disease virus: In fective  virus was measured by the plaque 
assay test (Cooper, 1962) as plaque form ing units per m illit re  (p fu /m l) using IB-RS-2 
pig kidney monolayer cells. Antigenic virus was detected by the complement f ixa tio n  
test (Bradish et al, 1964) as complement fix ing  units per m illit re  (c fu /m l) a fte r 
overnight incubation at 4°C.
(e) pH Measuring and Contro l System used fo r 1 L itre  Propagators
Most o f the equipment used fo r measuring and contro lling  the pH o f ce ll cu ltures 
in 1 l i t re  propagators was manufactured by E.I.L. Ltd., Richmond, Surrey. Exceptions 
are indicated in the te x t.
i) pH sensing assembly: The pH sensors used were a GHS 23 glass e lectrode and a 
RS23 reference elctrode w ith  a rem ote liquid junction tube f it te d  w ith  a bacte ria l 
grade sin ter. Both the pH sensors were mounted in a silicone rubber bung which could 
be located e ither (a) in the top o f the medium reservoir o f a 1 l i t re  glass sphere
propagator or (b) a specially designed chamber (F ig.4.1) through which cu ltu re  medium 
could be pumped.
ii) S terilisa tion o f pH sensing assembly: S terilisation o f the pH sensing assembly 
was carried out in a lam inar a irflow  cabinet. The lower parts o f the pH sensing 
assembly were washed thoroughly in fo rm alin  solution and then immersed in a bath o f 
fo rm alin  solution fo r 2 hours. A fte r  this tim e the pH sensing assembly was washed in 
cu lture  medium and stored in an a n tib io tic -free  nu trien t medium in a 37°C hotroom .
iii)  pH measurement and contro l system: A schematic diagram of the pH 
measurement and contro l system fo r a 1 l i t re  glass sphere propagator is shown in 
Figure 4.2. The sterilised pH sensing assembly in its  special chamber was mounted 
between the ou tle t of the medium reservoir and the in le t of the glass sphere reservoir. 
Then the liqu id junction tube was connected by a bridge o f saturated potassium 
chloride solution to a reservoir containing the calomel element. This reservoir was 
located above the medium reservoir to counter hydrostatic back pressure. The leads 
from  the pH electrodes were connected to a JB29 junction box from  which the 
e lec tr ica l signal passed through the hotroom w all to the pH measurement and con tro l 
equipment. The signal from  the JB29 junction box was fed in to  a type 91B 
ind ica to r/con tro lle r w ith  outputs to (a) a 6-point X actro l pH ind ica to r/reco rde r and (b) 
an e lectrica lly -opera ted  solenoid valve (Ether Ltd). Contro l of pH in the propagator 
was achieved by arranging tha t when the indicated pH dropped below a preset value on 
the in d ica to r/con tro lle r the solenoid valve was energised and opened. This allowed 
CO2 gas to pass, at a ra te  contro lled by a needle valve and displayed on a flow m eter, 
in to the continuous flow  of 30 cc/m in  a ir which entered the bottom  of the medium 
reservoir through a porocity  1 sin ter (S c ien tific  Supplies Ltd). When the pH of the 
cu ltu re  medium returned to the preset value on the ind ica to r/con tro lle r the solenoid 
valve was de-energised and the flow  of CC^ gas ceased.
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Figure 4.1 Special Chamber for pH Electrodes
W  LJ
D
A. Reference electrode
B. Remote liquid junction for calomel electrode
C. Silicone rubber bung
D. Medium in let to chamber
E. Glass chamber
F. Medium outlet for chamber
Figure 4.2 Schematic Arrangement of the pH Measurement and
Control System for 1 Litre Glass Sphere Propagators
A. pH indicator/recorder
B. pH indicator/controller
C. JB29 junction box
D. Glass sphere reservoir
E. Chamber for pH sensing assembly
F. Sampling point
G. Medium reservoir
H. Sinter
J. Bacterial f i l t e r
K. Flostat
L. Flowmeter for a ir
M. Flowmeter for CO^
N, Needle valve
P. Flowmeter for medium
Q. Peristaltic pump
R. Solenoid valve
Figure 4.2
/ \
Air
iv) C a libra tion o f the pH electrodes: During the period of 5 hours when the cells 
were allowed to attach the glass spheres in the substrate reservoir the pH electrodes 
were calibrated. This was done w h ils t the cu lture medium was c ircu la ted by a 
pe ris ta ltic  pump through a special line which by-passed the substrate reservoir. A 
sample o f cu lture medium was w ithdrawn and tested on Type 7050 pH m eter which had 
been precalibrated w ith  bu ffe r solutions. This pH value was then transferred to the 
Type 91B in d ica to r-con tro lle r. Checks o f the pH electrodes were also made during the 
ce ll growth period using this technique.
(f) Measurement and Contro l o f Dissolved Oxygen in 1 L itre  Glass Sphere Propagators
i) The oxygen e lectrode: The oxygen electrodes used were improved versions o f 
the galvanic device described by Borkowski and Johnson (1967) and m odified by 
R adle tt e t al (1972b). The new electrodes (Fig. 4.3) had a cathode made from  s ilver 
w ire which was (1) formed in to a spiral which started at the centre and wound 
outwards, (2) perm itted  the in te g rity  o f the membrane to be tested before f ill in g  w ith  
e lec tro ly te  (3) used a sem i-flex ib le  sealant which could be pierced by a hyperderm ic 
needle to allow re fill in g  w ith  e lec tro ly te  (4) could be repaired w ithout removing from  
the cu lture  vessel and (5) connected to a coaxial fly-lead by a simple semi-permanent 
e lec trica l junction.
Before the oxygen electrode was f it te d  w ith  its lead anode and f ille d  w ith  
e lec tro ly te  the in te g rity  of the membane was tested by immersing the lower portion o f 
the electrode in water and applying 15 psi a ir pressure to the inside o f the e lectrode. 
A damaged membrane caused a stream of a ir bubbles in the water. In such an 
eventua lity the electrode was re jected. The unassembled electrode w ith  an in ta c t 
membrane was then mounted in a silicone rubber bung which f it te d  in to  a special 
ca lib ra tion  chamber (F ig.4.4).
ii)  Assembly and s te rilisa tion  o f the oxygen electrode: The unassembled 
electrode mounted in ca lib ra tion chamber was sterilised by autoclaving at 121°C fo r 
60 min. The oxygen electrode was then assembled by (a) f it t in g  the lead anode (b) 
f ill in g  w ith  2 ml o f e lec tro ly te  (Borkowski and Johnson,1967), (c) sealing w ith  a 
silicone rubber compound (Radiospares Ltd) and (d) connecting, by a short length o f
Figure 4.3 Improved Oxygen Electrode
A. Coaxial cable leading to recorder/control 1
B. Semi-permanent electrical junction
C. Lead anode
D. Silver cathode
E. Silicone rubber sealant
F. Electrolyte
G. Glass tube
H. Silicone rubber tubing
I. Teflon membrane
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ure 4.4 Calibration Chamber for Oxygen Electrode
Inlet for calibration ga$es 
Liquid overflow 
Oxygen electrode 
Glass chamber 
Porosity 1 sinter 
Medium in le t to chamber 
Medium outlet from chamber
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coaxial cable, to a 0-50 m icroam m eter. The whole oxygen electrode assembly was 
then stored in a 37°C hotroom.
It was also p ractica l to reste rilise  the whole oxygen electrode assembly 
chem ically using the technique described above fo r sterilis ing pH sensing assemblies.
i i i)  Dissolved oxygen measurement and contro l system: A schematic diagram of 
the dissolved oxygen measurement and contro l system used fo r 1 l i t re  glass sphere 
propagators is shown in Figure 4.5. The s te rile  assemble oxygen electrode mounted in 
its  special ca libration chamber was positioned between the ou tle t from  the medium 
reservoir and the in le t to the glass sphere reservoir. Then the oxygen electrode was 
disconnected from  the m icroam m eter and connected to a coaxial cable which passed 
through the hotroom wall to the dissolved oxygen measurement and contro l equipment. 
The signal from  the oxygen electrode was fed w ithout am p lifica tion  across a variable 
resistance (Lionmount and Co., Ltd) to a 1 mV ind ica to r/con tro lle r/reco rde r (Kent 
Instrum ent Ltd) w ith  an output connected to an e lec tr ica lly  operated solenoid valve 
(Ether Ltd). Control of dissolved oxygen in the propagator was achieved by arranging 
tha t when the dissolved oxygen level displayed on the ind ica to r/con tro lle r/reco rde r 
dropped below a preset value the solenoid valve was energised and opened. This 
allowed a ir to pass, at a ra te  contro lled by a needle valve and shown on a flow m eter, 
to enter the bottom  of the medium reservoir through a porosity 1 s in ter. When the 
level o f dissolved oxygen in the cu ltu re  medium returned to  the preset value the 
solenoid valve was de-energised and the flow  of a ir ceased.
iv) Calibra tion o f the oxygen e lectrode: The oxygen electrode was ca librated 
during the 5 hour period when the ce ll inoculum was allowed to attach to  the glass 
spheres in the substrate reservoir. The ca lib ra tion  procedures took only about 60 min 
because the use o f the special ca lib ra tion  chamber made i t  unnecessary fo r the whole 
volume o f cu lture medium to c ircu la te  past the oxygen electrode. To ca lib ra te  the 
oxygen electrode the ca lib ra tion  chamber was f irs t  fille d  w ith  cu lture  medium by 
opening the line to the medium reservoir. Then the medium lines leading to  and from
Figure 4.5 Schematic Arrangement of the Dissolved Oxygen
Measurement and Control System for 1 Litre  
Glass Sphere Propagators
D. Glass sphere reservoir
F. Sampling point
G. Medium reservoir
H. Sinters
J. Bacterial f ilte rs
K. D0£ i ndi cator/control1er/recorder
L. Flowmeter for a ir
M. Flowmeter for CO^
N. Needle valve
P. Flowmeter for medium
Q. Peristaltic pump
s . Solenoid valve
T. Needle valve
U. DO^  electrode and calibration chamber
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the ca lib ra tion chamber were closed w ith  tube clamps and the vent line opened. Next, 
nitrogen was adm itted to the ca lib ra tion  chamber through the porosity s in ter u n til a 
steady value was displayed on the dissolved oxygen ind ica to r/con tro lle r/reco rde r. 
Then the nitrogen gas was replaced by a supply o f a ir u n til a steady reading was 
displayed on the dissolved oxygen ind ica to r/con tro lle r/reco rde r. Since the zero and 
saturation values fo r the oxygen electrode had been determined the levels o f dissolved 
oxygen in the cu lture  medium of the glass sphere propagator could be m onitored and 
contro lled. The zero and saturation values were measured again at the end o f each 
cu lture  period so tha t any deterio ra tion in the oxygen electrode could be allowed fo r in 
the levels o f dissolved oxygen measured.
(g) The Control o f pH and Dissolved Oxygen in 1 L itre  Glass Sphere Propagators
For the investigation o f BHK monolayer ce ll growth at d iffe re n t levels o f 
dissolved oxygen in 1 l i t re  propagators the pH o f the cu lture medium was contro lled at 
pH 7.4. This was achieved using the equipment described above but w ith  the pH 
sensing assembly relocated in the top o f the medium reservoir in place o f the usual
e ffluen t gas f i lte r .  The e ffluen t gas passed out o f the medium reservoir through a
side-arm, ( f itte d  w ith  a Foram aflow in -line  bacteria l f i lte r )  positioned above the level 
o f the cu lture medium.
The equipment used fo r th is work is shown diagram m atica lly in Figure 4.6
.4 RESULTS
The fo llow ing results were obtained during development o f the un it process glass 
sphere propagator process in two d iffe re n t ways:-
(1) exp lo ita tion  o f the technique 4.4(a) to 4.4(b)
(2) optim isation o f the technique 4.4(c) to 4.4(f)
In addition results from  the exp lo ita tion  o f the glass sphere propagator technique 
may be grouped together as:-
(1) application o f the technique to  prim ary anchorage dependent cells 
4.4(a)
-  I 16-
Figure 4.6 Schematic Arrangement for the Measurement and 
Control of Both pH and Dissolved Oxygen Levels 
in 1 Litre Glass Sphere Propagators
A. pH indicator/controller
B, pH indicator/recorder
C. JB29 junction box
D. Glass sphere reservoir
E. pH sensing assembly
F. Sampling point
G. Medium reservoir
H. Sinters for a ir and CC^
J. Bacterial filte rs
K. DO^  i ndi cator/control1er/recorder
L. Flowmeter for air
M. Flowmeter for CC^
N. Needle valve for CO^
P. Flowmeter for medium
Q. Peristaltic pump
R. Solenoid valve for CO^
S. Solenoid valve for a ir
T. Needle valve for air
U. DO^  electrode and calibration chamber
V. Effluent gas f i l t e r
Figure 4.6
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(2) production o f large quantities o f v ira l antigen in the un it process 
glass sphere propagator system when conventional submerged cu lture  
was not possible 4.4(b).
(a) Investigations w ith  Chick Embryo Fibroblasts.
This work was carried out as part o f the early investigations in to  the use o f small 
glass spheres, fo r the growth o f prim ary anchorage dependent cells. Experiments were 
conducted in 100 m l glass sphere propagators and followed the successful use o f this 
apparatus fo r the production o f BHK monolayer cells and foot and mouth disease virus.
i) Recovery o f chick embryo fibroblasts from  glass sphere propagators a fte r 
successive trypsin trea tm ents: One application o f 0.25% trypsin solution was not
su ffic ien t to release a ll the chick embryo fibroblasts attached to the glass spheres in 
the 100 m l propagators (Table 4.1). Complete ce ll recovery was not achieved u n til the 
th ird  application o f 0.25% trypsin solution and so this technique was used fo r a ll 
subsequent ce ll recovery operations.
ii) Comparison o f the growth o f chick embryo fibroblasts in glass propagators and 
Roux flasks: The numbers o f chick embryo fibroblasts recovered from  glass
sphere propagators were comparable to those obtained from  Roux flasks (Table 4.2). 
In addition the glucose concentrations and pH levels were s im ila r in the two cu ltu re  
systems at the tim e of ce ll recovery. For these investigations the cells were 
recovered a fte r 72 to  96 hours incubation.
ii i)  Glucose u tilisa tion  by chick embryo fibroblasts grown in glass sphere 
propagators and Roux flasks: Glucose utilisa tions by chick embryo fib rob lasts
grown in glass sphere propagators and in Roux flasks were s im ilar (Table 4.3).
iv) Production o f attenuated human influenza virus in chick embryo fib rob lasts 
grown in glass sphere propagators and Roux Flasks: The production o f
attenuated human influenza virus o f chick embryo fibroblasts grown in glass sphere 
propagators was comparable to tha t in Roux flasks (Table 4.4). For th is comparison 
virus production was determ ined as maximum in fe c tiv ity  which was measured a t 24 
hours post in fection.
Table 4.1 Recovery of Chick Embryo Fibroblasts from 100 ml Glass Sphere 
Propagators after Successive Trypsin Treatments
Trypsin Percentage Cell Number of
Treatments Recovery Observations
First 58.6 + 19.3 30
Second 23.7 + 18.3 30
Third 15.2 + 12.4 30
% cell recovery = No. of cells recovered per treatment
Total number of cells recovered
Table 4.2 Comparison of the Growth of Chick Embryo Fibroblasts 
in 100 ml Glass Sphere Propagators and Roux Flasks
Propagator Roux Flask
c
Cells Recovered (x 10 )
Glucose level (g /litre )  
pH
38.8 + 9.6 (12)
2.3 + 0.4 (8) 
7.2 +0. 1 (12)
36.8 + 9.2 (13)
2.1 + 0.3 (9)
7.2 +0. 1 (13)
c
1. Cell inoculum in each culture system was 20 x 10 viable cells.
Table 4.3 Utilisation of Glucose for the Growth of Chick Embryo
Fibroblasts in 100 ml Glass Sphere Propagators and 
Roux Flasks
Apparatus
Glucose Utilization  
10 cells/mg glucose
Number of 
observations
Roux Flask 0.10 + 0.05 9
100 ml Glass Sphere 
Propagator 0.13 + 0.03 7
Table 4.4 Production of Attentuated Human Infuenza Virus in Chick
Embryo Fibroblasts Grown in 100 ml Glass Sphere Propagators 
and Rnux Flasks
Culture Maximum Infectivity Number of
System (log pfu/ml) Observations
Roux Flasks 7.0 + 0.5 3
Propagator 7.0 + 0.3 3
1. Estimated viable cells at infection:-
a) Roux Flask 39.5 + 5.5 x 10^
b) Propagator 33.1 + 2.3 x 10^
(b) Investigation w ith  IB-RS-2 Pig Kidney Monolayer Cells
These investigations were carried out to demonstrate the use o f glass sphere 
propagators fo r the production o f large quantities o f an animal virus (swine vesicular 
disease virus) in a line o f cells (IB-RS-2 pig kidney) which could not be grown in 
submerged cu lture  using a un it process.
i) P re lim inary investigations? The production o f two strains o f swine vesicular 
disease virus (UK9 27/72 and HK 36/72) in two lines o f IB-RS-pig kidney monolayer 
cells (D401/14 and SA/3 were compared in Roux flasks. Both ce ll lines produced 
s im ila r levels o f in fectious virus but the UK9 27/72 stra in  o f swine vesicular disease 
virus produced the highest levels o f maximum in fectious virus. The UK9 27/72 s tra in  
o f swine vesicular disease virus was used fo r a ll subsequent experiments. There was no 
detectable d ifference in the levels o f maximum infectious virus produced from  swine 
vesicular disease virus grown in medium containing 3%, 1% and 0% unheated adu lt 
bovine serum using Roux flask cultures o f IB-RS-2 monolayer cells. Serum free 
medium was used fo r a ll la te r virus production.
ii)  G rowth o f IB-RS-2 pig kidney monolayer cells in glass sphere propagators and 
Roux flasks: In order to compare the growth o f IB-RS-2 monolayer cells in Roux
flasks and glass sphere propagators o f d iffe re n t sizes the yields from  each cu ltu re  
system have been expressed as 10^ viable cells recovered per m ill it re  o f cu ltu re  
medium used. Table 4.5 shows tha t IB-RS-2 monolayer cells grew equally w e ll a t each 
scale o f glass sphere propagator operation and tha t th is growth was comparable to  tha t 
in Roux flasks.
i i i)  Production o f swine vesicular disease in IB-RS-2 pig kidney monolayer cells 
grown in glass sphere propagators and Roux flasks: The production o f in fectious
and antigenic virus was examined in IB-RS-2 monolayer cells grown in Roux flasks 
(Figure 4.7). Since the maxima o f in fe c tiv ity  and antigen ic ity  occurred a t d iffe re n t 
tim es the levels o f maximum virus production were determ ined at (a) 24 hours fo r 
in fectious virus and at (b) 48 hours fo r antigenic virus. Using this c r ite r ia  the
Table 4.5 The Growth of IB-RS-2 Pig Kidney Monolayer Cells 
in Different Scales of Glass Sphere Propagator
System
Cells Recovered 
(x 10"5/ml)
Number of 
Observations
Roux Flask 4.5 + 1.6 32
0.1 l i t r e  Propagator 4.7 + 1.5 8
1 l it r e  Propagator 4.8 + 1.3 14
10 l it re  Propagator 4.2 2
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maximum levels o f in fectious virus from  glass sphere propagators o f 3 d iffe re n t 
capacities were comparable to those obtained from  Roux flasks (Table 4.6). In 
addition the levels o f maximum antigenic virus produced from  d iffe re n t scales o f glass 
sphere propagator were comparable to those generated in Roux flasks (Table 4.7).
iv) A na ly tica l use o f inactivated, concentrated swine vesicular disease v ira l
antigen: Inactivated, concentrated v ira l antigen prepared from  swine vesicular 
disease virus produced in 10 l i t re  glass sphere propagators was tested fo r s u ita b ility  as 
a diagnostic reagent. This was done by comparing its  use in the double im m uno­
diffusion test w ith  data obtained from  the serum neutralisation test. A to ta l o f 928 
samples were compared (Table 4.8) which showed tha t the higher the serum 
neutra lisation t it re  the fewer positive reactions occurred in the double im muno­
diffusion test. The number o f doubtful assays (when the p rec ip ita tion  line  was not 
continuous w ith  tha t o f the positive contro l) in the double im m uno-diffusion tes t, was 
highest between serum neutra lisation titre s  o f 1/16 to 1/64. However, th is  happened 
w ith  only 6% of the samples tested.
(c) Relationship Between Cell Production and the Level o f Glucose in Glass Sphere 
Propagators
Measurement of glucose concentration in the culture medium o f glass sphere 
propagators has proved a valuable technique fo r determ ining the tim e  when such 
cultures should be harvested or in fected w ith  virus. The technique would be o f even 
more value i f  the level o f glucose could be re lated to  the number o f ce lls  in the 
propagator. Measurement of glucose concentration in the cu lture medium would then 
determ ine (a) the tim e to recover the cells and (b) the number o f ce lls lik e ly  to be 
recovered.
i) BHK monolayer cell production in 1 l i t re  propagators; The data presented 
previously fo r the growth o f BHK monolayer cells in 1 lit re  propagators was analysed 
to  determ ine the relationship which existed between the number o f ce lls produced and 
the level o f glucose concentration in the cu lture  medium. When ce ll production was
Table 4.6 Maximum Production of Infectious Swine Vesicular
Disease Virus in IB-RS-2 Pig Kidney Monolayer Cells 
Grown in Different Scales of Glass Sphere Propagator
System
Infectious Swine 
Vesicular Disease 
Virus
Moq-|0 pfu/ml)
Number of 
Observations
Roux Flask 8.5 + 0.1 13
0.1 l i t r e  Propagator 8.6 + 0.4 11
1 l it re  Propagator 8.6 + 0.6 3
10 lit r e  Propagator 8.8 + 0.3 9
Table 4.7 Maximum Production of Antigenic Swine Vesicular Disease
Virus in IB-RS-2 Pig Kidney Monolayer Cells Grown in 
Different Scales of Glass Sphere Propagators
System
Antigenic Swine Vesicular Disease Virus
cfu/ml CFU/106 cells*
Roux Flask 106+ + 20 (13) 24
0.1 l i t re  Propagator 140 O) 30
1 l itre  Propagator 139 (1) 29
10 lit re  Propagator 103 ± 38 (8) 25
+ Average + standard deviation (number of results in the average) 
★
By calculation from yield of cells shown in Table 5.
Table 4.8 The Use of Inactivated, Concentrated Swine Vesicular
Disease Viral Antigen Produced in 10 Litre Glass Sphere 
Propagators as a Diagnostic Reagent
A. Sample Numbers
Serum 
Neutralisation 
T i tre
Double Immuno-Diffusion Test
Negative Doubtful Positive
< 6 399 NIL 1
8 - 15 149 3 NIL
16 - 31 30 2 1
32 - 63 23 1 5
64 - 127 25 1 45
> 128 1 NIL 242
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grouped according to the glucose concentration, (arranged in 0.2g / lit re  steps) and the 
linear regression calculated there was a corre lation co e ffic ie n t o f 0.9957 between the 
two sets o f data over the range o f 1.0 to 2 .0g /litre  glucose (Fig.4.8).
ii)  Chick embryo fib rob last production in glass sphere propagators and 
Roux flasks: When the data presented above fo r the growth o f chick embryo
fibroblasts in 100 m l propagators and Roux flasks was analysed by linear regression 
there was an (a) 0.971 corre la tion  coe ffic ie n t fo r glass sphere propagators and (b) 
0.942 corre la tion  co e ffic ie n t fo r Roux flasks between the number o f cells recovered 
and the concentration o f glucose (Fig. 4.9).
(d) Investigation o f the Growth o f BHK Monolayer Cells in the Substrate Bed o f 1 L itre  
Propagators.
Q uantita tive  growth o f BHK monolayer cells is possible in propagators w ith  
packed beds o f small glass spheres at scales ranging from  0.1 to 100 litre s . However, 
i t  was not known i f  (a) ce ll growth was uniform  throughout the packed bed, or (b) 
whether the ce ll inoculum was evenly distributed among the glass spheres. To study 
these guestions a series o f investigations were carried out which involved removing 
portions o f the substrate bed and then recovering the attached cells w ith  trypsin 
solution. Comparison o f the numbers of cells recovered in th is way was made 
according to the available surface area of the glass spheres. For ease o f operation 
these experiments were based on the 1 l i t re  glass sphere propagators.
i) The recovery o f BHK monolayer cells from  d iffe ren t parts o f the substrate 
bed o f 1 l i t re  propagators: The numbers o f cells recovered from  d iffe re n t
portions o f the substrate bed were compared, a fte r 24 hours and 96 hours o f the 
cu lture  period (Table 4.9). These comparisons showed the ce ll inoculum was evenly 
d istributed throughout the packed bed of glass spheres and tha t few er cells were 
recovered from  the walls o f the substrate reservoir. Cell growth was comparable 
between the middle portion o f the substrate bed and on the walls o f the substrate 
reservoir. The highest ce ll growth in the substrate reservoir took place in the top 
portion o f glass spheres.
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Figure 4.8 Relationship Between the Number of BHK Monolayer
Cells Produced with the Levels of Glucose in One 
Litre Glass Sphere Propagators
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Table 4.9 Recovery of BHK Monolayer Cells from Different Portions
of the Substrate Bed and 1 l itre  Glass Sphere Propagators
Portion of
Substrate
Bed
Cells Recovered 
(x 105cells/cm2) MultiplicationFactor
+ 24 hours + 96 hours
Top 0.65 13.4 x 20.6
Middle 0.55 9.8 x 17.8
Bottom 0.55 8.5 x 15.5
Glass Reservoir 0.34 9.6 x 28.2
To test these observations the substrate bed was sampled at the in te rface  
between the cu lture  medium and the glass spheres in addition to the areas sampled 
previously (Table 4.10). C ell growth was uniform  in the middle and bottom  fractions 
o f the substrate bed but was reduced on the walls of the substrate reservoir. The top 
portion o f the substrate bed produced more ce ll growth than did the middle and bottom  
fractions. However, the highest ce ll growth occurred at the in te rface  between the 
cu lture  medium and the glass spheres.
ii)  Recovery o f BHK monolayer cells from  d iffe ren t areas of a substrate bed w ith  
a heiqht:d iam eter ra tio  o f 12:1: Although ce ll d istribution and growth in the 
substrate bed o f 1 l i t re  glass sphere propagators appeared to be sa tis factory, i t  was 
not known if  th is finding could be applied to  the larger scale propagators. Since i t  was 
im practica l to recover cells from  the 100 l i t re  propagator i t  was necessary to 
construct a special substrate bed in which process conditions could be investigated. 
The new substrate bed had (a) the same height as that in the 100 li t re  propagator, (b) 
the same diam eter as tha t in 100 m l propagator, (c) the same quantity o f glass spheres 
as the 1 l i t re  propagator, and (d) a heightrdiam eter ra tio  of 12:1 (Fig.4.10). C e ll 
growth was carried out in the experim ental substrate bed using an a i r l i f t  and the 
medium reservoir from  a 1 li t re  propagator. The a ir l i f t  was supplied w ith  30 cc /m in  o f 
a gas m ixture  o f 3% CC^ in a ir but the medium flow rate  was res tric ted  to  a linear 
flow ra te  o f 2 cm /m in. The number o f cells recovered from  d iffe ren t portions o f the 
substrate bed a fte r 24 hours and 96 hours of the culture period is shown in Table 4.11. 
Cell growth was highest in the top th ird  o f the substrate bed and lowest in the bottom  
portion of the substrate bed. However, the ce ll inoculum was not evenly d is tribu ted  
through the substrate bed. Most cells were recovered from  the top fra c tio n  and 
fewest from  the bottom  th ird  of the substrate bed.
Table 4.10 Investigation of the Growth of BHK Monolayer Cells in
Different Portions of the Substrate Bed of 1 l i t r e  Glass 
Sphere Propagators
Portion of Cells Recovered Number of
Substrate Bed (x 105/cm2) Observations
Lfqutd/Glass Interface 1 5 . 8+2 . 7 6
Top 7.9 + 1.3 6
Middle 6.3 +1 . 0 6
Bottom 6 . 5 + 1 . 7 6
Glass Reservoir 5.2 + 1.1 5
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Table 4.11 Recovery of BHK Monolayer Cells from Different Portions
of a Substrate Bed with a Height to Diameter Ratio of 12:1
Portion of 
Substrate Bed
Cells Recovered 
(x 105/cm2) Multiplication
Factor
+ 24 hours + 48 hours
Top 1.02 9.3 x 9.1
Middle 0.47 3.5 x 7.5
Bottom 0.34 1.7 x 5.0
i i i)  Recovery o f BHK monolayer cells from  a three-part substrate bed: To
overcome the uneven d is tribu tion  o f the ce ll inoculum reported above, the substrate 
bed was sp lit in to three separate parts (Fig.4.10). Each bed o f glass spheres was then 
inoculated w ith  cells using the same technique and then mounted one above the other 
and connected to the 1 l i t re  medium reservoir as before. Cells were recovered 
separately from  the three substrate beds a fte r a cu lture period o f 96 hours and the 
numbers compared (Table 4.12). This showed tha t comparable ce ll growth could be 
achieved in a substrate bed w ith  a height to diameter ra tio  o f 12:1.
iv) Growth o f BHK monolayer cells in 1 l i t re  propagators supplied w ith  extra
cu lture  medium: The growth o f BHK monolayer cells in 1 l i t re  propagators was 
improved by changing the cu lture  medium at the end o f the usual incubation period 
(Table 4.13). This observation suggested another way o f investigating ce ll growth in 
packed beds o f glass spheres. I f  the ce ll inoculum was unevenly d is tribu ted throughout 
the substrate bed could sa tis factory  ce ll growth occur? To answer th is question cells 
were grown in the substrate bed o f 100 m l propagators and connected to 1 l i t re  
medium reservoirs. This apparatus was operated as described above. The number o f 
cells recovered from  the small substrate bed was comparable to those from  standard 1 
li t re  propagators (Table 4.14), and higher than can be achieved w ith  conventional 
cu lture equipment.
(e) Determ ination o f Oxygen Transfer Rates in D iffe ren t Scales o f Glass Sphere 
Propagator.
Aeration was known to be d iffe re n t at each scale o f glass sphere propagator 
operation. This was caused by using a ir l if ts  w ith  dissim ilar lengths o f lif t -p ip e  in order 
to m aintain a constant linear flow ra te  down the substrate bed. In addition, the growth 
o f BHK monolayer cells in glass sphere propagators had been shown above to be 
influenced by the level of dissolved oxygen in the culture medium. To resolve these 
differences i t  was necessary to determ ine the oxygen transfer rates in the d iffe re n t 
scales of glass sphere propagator so tha t ce ll growth could be carried out under the 
optimum aeration conditions.
Table 4.12 Recovery of BHK Monolayer Cells from a Three Part
Substrate Bed with a Height to Diameter Ratio of 12:1
Position of Substrate Bed Cells Recovered
Reservoir (x 105/cm2)
Top 4.44
Middle 4.24
Bottom 4.78
Table 4.13 The Growth of BHK Monolayer Cells in 1 l it r e  Glass
Sphere Propagators Supplied with Extra Culture Medium
System
Cells Recovered 
(x 106)
Glucose Utilisation  
(10 cells/mg glucose)
Standard
Plus Extra Medium
1,327 + 388 (143) 
2,505 + 343 (11)
0.6 + 0 . 2  (137) 
0.6 +0.1 (11)
Table 4.14 The Growth of BHK Monolayer Cells in 100 ml Substrate
Beds Connected to the Medium Reservoirs of 1 l i t r e  Glass
Sphere Propagators
System Cells Recovered 
(x 106)
Glucose Utilisation  
(10 cells/mg glucose)
Standard
Experimental
1,327 + 388 (143) 
1,110 + 460 (7)
0.6 + 0.2 (137) 
0.6 + 0.3 (7)
The maximum oxygen transfer ra te  fo r a glass sphere propagator was measured 
using d is tilled  w ater and was carried out a t 37°C. Propagators were f ir s t  de­
oxygenated by supplying nitrogen gas to the a i r l i f t  and then replacing th is w ith  
compressed a ir. The gas rates supplied to the propagator were those previously 
reported to give a linear flow ra te  o f 2 Icm /m in, Table 4.13 shows the most e ff ic ie n t
oxygen transfer to  take place in the 1 l i t re  propagator and least e ffic ie n t to be in the 
100 l i t re  system. The maximum oxygen demand o f BHK suspension cells has been
g
reported to be 0.20; mMC oxygen/10 cells per hour (R adle tt e t al, 1972) and th is value 
was ca lcu la ted to  be the same fo r BHK monolayer cells in 1 l i t re  propagators. From 
the maximum oxygen transfe r rates in Table 4.15 and the maximum oxygen o f BHK 
monolayer cells i t  is clear tha t ce ll growth in the 100 l i t re  propagator is lim ite d  by 
lack o f oxygen.
To be tte r illu s tra te  the difference in oxygen transfer rates a t d iffe re n t scales o f 
glass sphere propagator operation Figure 4.11 has been constructed to show the tim es 
required fo r a ir saturation.
(f) Determ ination o f the Optimum Levels o f pH and Dissolved Oxygen fo r  the G rowth 
o f BHK Monolayer Cells in 1 L itre  Glass Sphere Propagators.
Before the optimum levels o f pH and dissolved oxygen needed fo r the grow th o f 
BHK monolayer cells in glass sphere propagators could be determined i t  was necessary 
to separate the d iffe re n t functions of the a ir l i f t  since this device provided medium 
c ircu la tion , pH contro l and oxygenation o f the cu lture medium. A series o f 
experiments was carried out to determ ine how each separated function  o f the a i r l i f t  
a ffected  the growth o f BHK monolayer cells in 1 l i t re  glass sphere propagators,
i) Comparison o f d iffe re n t tim es fo r the ce ll inoculum to a ttach to the glass 
spheres in the substrate bed: To investigate the growth o f BHK monolayer cells 
in propagators w ith  the pH and dissolved oxygen levels contro lled a t pre-determ ined 
values i t  was necessary to s ta rt these contro l procedures as soon as possible a fte r  the 
in troduction of the ce ll inoculum. This meant reducing the tim e alllowed fo r  the cells 
to attach to the glass spheres from  24 hours to 5 hours. Comparison o f the number o f 
cells recovered from  the,propagators operated under both regimes (Table 4.16) showed
Table 4.15 Comparison of the Maximum Oxygen Transfer Rates
in Different Scales of Glass Sphere Propagator
Scale
Oxygen Transfer Rate 
(mMoles/1i tre/hour)
1 l i t r e  Propagator 0.77
10 l it r e  Propagator 0.21
100 l i t r e  Propagator 0.13
Table 4.16 Comparison of Different Times for the Cell Inoculum
to Attach to the Glass Spheres in the Substrate Bed 
of 1 l i t r e  Glass Sphere Propagators
System
Cells Recovered 
(x 106)
Number of 
Observations
Standard 1,327 + 388 143
Circulation started 
at 5 Hours 1 ,434 + 223 4
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Figure 4.11 Comparison of the Rates at which 100% Air Saturation are 
Reached in Different Scales of Glass Sphere Propagators
the shorter attachm ent period was not detrim enta l to ce ll growth. A period o f 5 hours 
fo r the cells to a ttach to the glass spheres was adopted fo r subsequent experiments in 
this series o f investigations.
ii)  The use o f a pe ris ta ltic  pump fo r medium c ircu la tion ; The f ir s t  step in 
isolating the functions o f the a ir l i f t  was to use a pe ris ta ltic  pump to c ircu la te  the 
cu lture  medium in the glass sphere propagator. Aeration and pH contro l was achieved 
by passing a m ixture  o f 5% CO2 in a ir in to the medium reservoir through a porosity 1 
sin ter. To c ircu la te  the cu lture  medium a series 200 p e ris ta ltic  pump (Watson M arlow 
Ltd) was used which was positioned on the medium line between the ou tle t o f the 
substrate reservoir and the in le t o f the medium reservoir. The medium flow ra te  was 
displayed on a flow m eter and was contro lled a t 72 m l/m in  which corresponded to a 
linear flow ra te  down the substrate bed a t 2 cm /m in. The standard gas flow ra te  used 
fo r 1 l i t re  propagators w ith  a ir l if ts  o f 30 cc/m in  was also used fo r  those w ith  
pe ris ta ltic  pumps. From contro lled experiments, the numbers o f cells recovered from  
1 l i t re  glass sphere propagators w ith  the medium circu la ted by a pe ris ta ltic  pump were 
comparable to those from  glass sphere propagators f it te d  w ith  a ir l if ts  (Table 4.17).
ii i)  The growth o f BHK monolayer cells in 1 l i t re  propagators w ith  the cu ltu re
medium contro lled a t d iffe re n t pH's: For these experiments the cu ltu re  medium
was c ircu la ted  (a) 3 hours a fte r the addition o f the ce ll inoculum and (b) by a 
p e ris ta ltic  pump. Aeration was achieved by a continuous flow  of a ir, in to  the bottom  
of the medium reservoir through a porosity 1 sin ter, at a ra te  o f 30 cc/m in .
The growth o f BHK monolayer cells in 1 l i t re  propagators a t d iffe re n t pH levels 
(Fig. 4.12) was greatest at pH 7.0 but declined sharply on both sides o f th is value. The 
reduction in ce ll growth was greater on the acid side o f pH 7.0 than on the alka line 
side. On the alkaline side the level o f ce ll growth did not fa ll to tha t obtained a t pH 
6.8 u n til pH 7.8 when there was another sharp drop in ce ll growth. Between pH 7.2 and 
pH 7.6 there was the least decline in ce ll growth. Below pH 6.8 ce ll g row th was 
detected very poor.
Table 4.17 Comparison of the Growth of BHK Monolayer Cell in 1 l i t r e  
Glass Sphere Propagators with Culture Medium Circulated by 
Different Types of Pump
Circulation Cells Recovered Number of
Mechanism (x 106) Observations
A ir l i f t 1 ,459 + 261 4
Peristaltic Pump 1 ,387 + 126 4
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Subsequent experiments in this series o f investigations were carried out a t pH 
7.4 because, (a) the growth o f BHK monolayer cells was least varied e ither side o f this 
value, (b) BHK suspension cells also grew sa tis fac to rily  a t this pH (Telling and Stone, 
1964), and (c) the cu lture  medium contained 2 .2g /litre  sodium bicarbonate which was 
designed to act as a bu ffe r a t pH 7.4.
iv) The growth o f BHK monolayer cells in 1 l i t re  propagators w ith  the level o f 
dissolved oxygen contro lled in the cu ltu re  medium: For these experiments the 
cu ltu re  medium was c ircu la ted (a) 5 hours a fte r  the addition o f the ce ll inoculum and 
(b) by a pe ris ta ltic  pump. The pH o f the cu ltu re  medium was contro lled a t pH 7.4 by 
CO2 gas which was adm itted to the system on demand.
The growth o f BHK monolayer cells in 1 l i t re  propagators w ith  the leve l o f 
dissolved oxygen in the cu lture  medium contro lled a t d iffe ren t values (Fig. 4.13) was 
constant between 40 and 70% a ir saturation. Below 40% a ir saturation ce ll growth 
declined. However, the yield o f cells obtained at 20% a ir saturation was s t i l l  
comparable to tha t obtained from  1 l i t re  propagators operated under d iffe re n t 
regimes. Below 20% a ir saturated ce ll growth declined sharply so tha t the yields were 
much less than obtained from  standard 1 l i t re  propagators. Above 70% a ir saturation 
ce ll growth was unexpectedly the highest obtained during these investigations
4.3 DISCUSSION
Glass sphere propagators can be used as an e ffic ie n t un it process system fo r the 
growth o f anchorage dependent cells and the generation o f ce llu la r products in two 
d iffe re n t ways. F irs tly , as a simple a lte rna tive  to m ultip le  bo ttle  processes, and 
secondly, as a sophisticated process fo r the production o f b iological m ateria ls  a t 
concentrations which are not possible w ith  simply operated glass sphere propagators 
and Roux flasks.
The simply operated glass sphere propagator process was exploited fo r the 
growth of two additional types o f anchorage dependent cells. These were, (1) IB-RS-2
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pig kidney monolayer cells fo r the production o f swine vesicular disease virus, and (2) 
chick embryo fibroblasts fo r the production o f attenuated human influenza virus. Both 
types o f ce ll grew in glass sphere propagators to levels comparable to those obtained 
from  Roux flasks and in addition the v ira l susceptib ility  o f the cells was not im paired. 
For the growth o f these two anchorage dependent cells the operating techniques 
developed fo r the growth o f BHK monolayer cells and the production o f foo t and 
mouth disease virus in glass sphere propagators were used. These techniques were only 
m odified fo r the recovery o f cells. Versene-trypsin was used in place o f trypsin fo r 
the recovery o f IB-RS-2 pig kidney cells and a longer contact tim e was used fo r  the 
trypsin isation o f chick embryo fibroblasts. The tim e of maximum ce ll growth was 
again determ ined by measurement o f the concentration o f glucose in the cu ltu re  
medium. This technique was developed fu rthe r and can now also be used to determ ine 
the number o f cells available fo r recovery. The swine vesicular disease v ira l antigen 
produced in IB-RS-2 pig kidney monolayer cells grown in 10 li t re  glass sphere 
propagators is presently in use as a diagnostic reagent fo r the disease. This 
demonstrated tha t large quantities o f a veterinary im portant virus could be prepared 
in a un it process when submerged culture cannot be used. The production o f 
attenuated human influenza virus in chick embryo fibroblasts grown in glass sphere 
propagators showed tha t these cu lture  vessels could have applications fo r (1) the 
preparation o f v ira l vaccines fo r human therapy, and (2) the growth o f other p rim ary 
anchorage dependent cells.
The d is tribu tion  and growth o f cells in the packed beds o f 1 l i t re  glass sphere 
propagators was investigated by recovering cells from  d iffe ren t parts o f the substrate 
bed. A fte r  inoculation the cells were evenly distributed in the bed o f glass spheres. 
Fewer cells were recovered from  the chamber which contained the glass spheres but 
this may be due to inadequate recovery procedure. Cell growth was s im ila r in the 
m iddle portion o f the glass sphere bed and on the glass surface o f the re ta in ing  
chamber. The highest ce ll growth took place in the top portion o f the bed o f glass
spheres. This phenomenon was investigated fu rthe r by experiments which included 
recovering cells from  glass spheres at the in te rface  between the substrate bed and the 
cu ltu re  medium. These investigations showed ce ll growth in the top o f the glass 
sphere bed was again higher than in the rest o f the substrate bed and tha t the highest 
growth o f cells was in the in te rface  layer o f glass spheres. From these studies i t  
seemed like ly  tha t the glass spheres had a sieving action on the ce ll inoculum. I f  th is 
was true then the deeper the bed o f glass spheres the worse would be the e ffe c t. 
Since the largest glass sphere propagator (100 litres ) was not designed fo r ce ll 
recovery the substrate bed o f this reactor was simulated by models in which the 
substrate bed o f the 1 li t re  propagator was re-arranged to have a height to d iam eter 
ra tio  o f 12:1 using the standard quantity o f 3 mm diameter glass spheres. For th is 
m odified propagator the usual aeration fo r a 1 li t re  system was used but the medium 
flow ra te  was res tric ted  to m aintain a linear flow ra te  o f 2 cm /m in down the substrate 
bed. This arrangement produced BHK monolayer cells to levels comparable to  those 
from  the standard version but ce ll growth in the modified substrate bed was again 
greatest in the top th ird  o f glass spheres and confirm ed the uneven d is tribu tion  o f cells 
in deep beds o f glass spheres was caused by the filte r in g  action o f the glass spheres on 
the c e ll inoculum. Cell growth in deep beds o f glass spheres w ith  un ifo rm ly d is tribu ted  
ce ll inoculum was tested using the 12:1 ra tio  substrate bed. For th is series o f 
experiments the orig ina l bed o f glass spheres was replaced by 3 separate substrate 
beds each w ith  a height to diam eter ra tio  o f 4:1. Each o f these new beds o f glass 
spheres were then inoculated w ith  one th ird  o f the normal quantity o f cells. A fte r  
maximum ce ll growth had taken place the number o f cells recovered from  each 
substrate bed was comparable. This demonstrated tha t the process conditions were 
sa tifa c to ry  fo r e ffic ie n t ce ll growth in deep substrate beds. Uneven ce ll d is tribu tion  in 
deep beds o f glass spheres could also be overcome by, (1) using a layer o f la rger glass 
spheres on top o f the substrate bed, (2) introducing the ce ll inoculum a t the bottom  
and top o f the glass sphere bed, or (3) using a series o f shallow substrate beds. The
demonstration tha t e ffic ie n t ce ll growth was possible in model deep substrate beds 
showed there was no hindrance to  medium flow . To test when this would become a 
problem in standard substrate beds ce ll p roductiv ity  was increased using extra  cu lture  
medium. This arrangement showed tha t ten times the normal volume o f cu ltu re  
medium s t il l produced acceptable ce ll growth. These investigations revealed a fu rthe r 
application o f the glass sphere propagator process fo r the production o f very 
concentrated ce ll masses which could be used to generate more concentrated virus 
suspensions or other ce llu la r m etabolites.
When 1 l i t re  glass sphere propagators were operated w ith  sophisticated contro l 
o f the pH and dissolved oxygen levels fo r the growth o f BHK monolayer cells, 
p roduc tiv ity  was improved beyond what can be achieved in both simply operated glass 
sphere propagators and Roux flasks. This improvement was carried out by separating 
the pH, dissolved oxygen and medium c ircu la tion  functions o f the a ir l i f t .  To do this 
medium c ircu la tion  was provided by a mechanically driven pump w ith  the flow ra te  
maintained at the previously determ ined optimum level. The e ffe c t o f d iffe re n t 
contro lled levels o f pH on ce ll growth was determined w ith  the aeration provided 
through a porosity 1 s in ter at the ra te  norm ally used fo r 1 li t re  propagators. Under 
these conditions the maximum growth o f BHK monolayer cells took place a t pH 7.0. 
This optimum d iffe rs  from  tha t reported fo r the growth of BHK suspension cells in 
stirred  tanks (Telling and Stone, 1964). For these cells maximum ce ll growth took 
place between pH 7.2 and pH 7.4. The e ffe c t o f d iffe ren t contro lled levels o f 
dissolved oxygen on the growth o f BHK monolayer cells was carried out w ith  the pH 
level maintained at a preset value. Under these conditions there was no clear 
optimum level fo r dissolved oxygen. Maximum ce ll growth did not take place u n til a 
dissolved oxygen level o f 40% a ir  saturation was reached. Below th is  value ce ll grow th 
was lim ite d  through lack o f oxygen. Above the stated level of dissolved oxygen ce ll 
growth was maximum up to  the highest value tested (100% a ir saturation). This was 
not in agreement w ith  s im ila r investigations carried out w ith  BHK suspensions in 
s tirred  tanks (Radlett et al, 1972a). For these cells and fo r other animal ce lls grown in
submerged cu ltu re  there is reported to be an optimum concentration o f dissolved 
oxygen (Spier and G riff ith s , 1982). The phenomenon of a decline in ce ll growth above 
a c r it ic a l level o f dissolved oxygen is postulated to be caused by oxygen to x ic ity  or 
mechanical damage to the cells due to  collisions w ith  the aerating bubbles (K ilburn and 
Webb, 1968). Since the higher levels o f dissolved oxygen were not tox ic  fo r the BHK 
monolayer cells used in this study, i t  can be assumed tha t the aeration d iff ic u lt ie s  
associated w ith  animal cells in submerged cu lture  must be caused by mechanical 
damage. This observation is supported by the aeration technique used in glass sphere 
propagators during these investigations because the aerating bubbles were introduced 
in to the medium reservoir away from  contact w ith  the cells. Such an arrangement o f 
aeration separated from  the cells in a cu ltu re  vessel could have im portant applications 
fo r the cu lture  o f animal cells both in submerged cu lture  and on m icrocarriers. When 
the pH level was contro lled and the dissolved oxygen was maintained above the c r it ic a l 
value maximum ce ll growth was reached a fte r 72 hours incubation. This was a 25% 
reduction o f the incubation period used fo r simply operated glass sphere propagators.
From the investigations reported here and in previous chapters o f th is thesis i t  is 
clear tha t the un it process glass sphere propagator system has a useful ro le fo r the 
production o f large quantities o f anchorage dependent cells and is capable o f fu rth e r 
development.
Chapter 5 -  Discussion
5.1 INTRODUCTION
An e ffic ie n t large-scale un it process has been developed to replace m u ltip le  
b o ttle  systems fo r the growth o f anchorage dependent cells and the generation o f 
ce llu la r products. The new technique is based on a s ta tic  bed o f small glass spheres 
contained in a chamber separated from  tha t containing the cu lture  medium. Medium 
is passed down the substrate bed and the c ircu la ted  round the cu ltu re  system by an 
a ir l i f t  pump. This arrangement was adopted a fte r pre lim inary small-scale 
investigations showed tha t a small packed bed o f glass spheres was not de trim enta l to 
cells determ ined by (1) the number o f cells recovered and (2) the use o f such cells fo r 
virus production. These evaluations were made in comparison w ith  the model 
b iological system fo r the production o f foo t and mouth disease virus from  BHK 
monolayer cells grown in Roux flasks. From investigations carried out w ith  the 
prototype glass sphere propagators the basic physical and biological parameters o f the 
process were determined. These parameters were then used to design and build la rger 
versions resulting in glass sphere propagators ranging in scale from  100 ml to  100 
litres , in tenfo ld  steps, equivalent to  1, 10, 100 and 1,000 Roux flasks. The packed 
bed glass sphere technique was then studied fu rthe r to be tte r understand and exp lo it 
the process. These investigations resulted in, (1) improved process operations, (2) 
increased ce ll growth (3) the production o f animal viruses in anchorage dependent cells 
d iffe re n t from  the b io logical model and (4) the development o f a re liab le large-scale 
industria l system.
The choice o f the chemical and physical composition o f the three-dim ensional 
substrate fo r the new packed bed reactors was im portant. The m ateria l had to  be (I) 
suitable fo r ce ll adhesion and subsequent growth (2) available in dimensions capable o f 
being packed in to a small bed and (3) presented in a form  which did not a ffe c t the 
e ffic ie n t flow  of medium through the bed. To satisfy these conditions the substrate 
bed was form ed from  3 mm diam eter borosilicate glass spheres. To determ ined the
re la tive  e ffic iency  o f the prototype glass sphere propagators the new reactors were 
designed to be equivalent to one Roux flask. The necessary surface area o f substratum 
(200 cm ) was based on using only the upper halves o f the glass spheres and the volume 
o f the propagators was designed to contain 100 mis o f cu ltu re  medium. In it ia lly  the 
packed substrate bed was housed in a single vessel w ith  a simple a i r l i f t  to c ircu la te  the 
cu ltu re  medium. A fte r  the fe a s ib ility  o f ce ll growth on glass spheres contained in 
packed beds had been demonstrated the prototype propagators were m odified so tha t 
the substrate and medium were housed in separate reservoirs. This new arrangement 
o ffe red (1) d iffe re n t configurations fo r the substrate bed, (2) a more defined flo w  o f 
flu id  through the packed bed, (3) development by increases o f scale (4) more e ffe c tive  
process manipulations, and (5) the possib ility  o f mounting sensors in the medium above 
and below the substrate reservoir so tha t the biochem ical parameters o f ce ll growth 
could be investigated and contro lled.
The modified prototypes were then used to  establish the c r ite r ia  fo r the
maximum growth o f BHK monolayer cells. These investigations included determ ining
the optim a fo r (1) medium flow ra te  (2) configuration o f the packed bed and (3) the size
o f glass spheres. From the c r ite r ia  established w ith  the prototype propagators the
glass sphere technique was scaled-up in ten fo ld  stages to an experimental indus tria l-
2scale reactor equivalent to 1,000 Roux flasks and containing 20M o f available 
substrate surface area w ith  100 litre s  o f cu ltu re  medium. During the scale-up exercise 
the techniques norm ally used to  m onitor ce ll and virus growth in Roux flasks were 
found to be unsuitable fo r cultures in glass sphere propagators. In Roux flasks ce ll 
cultures are usually m onitored visually by m icroscopic examination of the developing 
ce ll sheet and virus cultures are s im ila rly  inspected fo r signs o f the cytopath ic e ffe c t 
caused by virus rep lica tion  in cells. In glass sphere propagators the whole ce ll sheets 
cannot be inspected visually and so new ways o f rapidly m onitoring both ce ll and virus 
growth had to be developed. The new techniques made use o f the un it process design 
o f the glass sphere propagators which allowed representative samples o f cu ltu re  
medium, to be w ithdrawn fo r biochem ical analysis w ithout jeopardizing the in te g rity
of the cu ltu re . Biochemical analysis o f the cu lture  medium enabled two d iffe re n t 
ways o f m onitoring ce ll growth. These were the production o f a m etabolite  or the 
consumption o f a nu trien t. For the la tte r  type o f analysis the measurement o f glucose 
concentration was chosen because (1) the im portance o f glucose in ce ll metabolism (2) 
the u tilisa tio n  o f glucose fo r ce ll production could be determined and (3) the 
ava ila b ility  o f a sem i-automated measurement technique. In contrast virus growth in 
glass sphere propagators was m onitored on an autoanalyser arranged to  measure the 
enzyme lac ta te  dehydrogenase in the c ircu la ting  cu lture  medium. This measurement 
o f one o f the in te rna l constituents o f an animal ce ll was chosen because i t  
demonstrated tha t virus rep lica tion  had taken place and tha t ce ll damage had 
occurred. The level o f lac ta te  dehydrogenase in the cu lture medium corre lated w e ll 
w ith  the production o f both in fectious and antigenic virus.
The a b ility  to grow BHK monolayer cells and produce foo t and mouth disease 
virus in glass sphere propagators to  levels s im ila r to those obtained from  Roux flasks 
was fu rth e r exploited. This was done by (1) more precise contro l o f process 
parameters, (2) the production o f d iffe re n t animal viruses in a varie ty  o f mammalian 
cells, and (3) the investigation o f new bio logical and process techniques. The f ir s t  of 
these developments was carried out by mounting sensors in the medium reservoirs o f 1 
li t re  propagators so th a t corrections could be made to the cu lture  medium before i t  
entered the glass sphere reservoir (Section 4). Using such contro l, the optim um  levels 
o f pH and dissolved oxygen were determ ined fo r the growth o f BHK monolayer cells. 
This enabled the ce ll growth period to be reduced from  4 days to 3 days. The second 
development was carried out in three sm aller scale propagators. In such systems the 
production o f swine vesicular disease virus in IB-RS-2 pig kidney monolayer cells and 
attenuated human influenza virus in chick embryo fibroblasts were both comparable to 
tha t from  Roux flasks. The th ird  development o f the glass sphere technique made use 
o f the special features o f the packed bed design. This allowed rapid changes o f 
process fluids to be made and led to  the production o f ce ll concentrations many tim es
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greater than could be achieved in a comparable number o f Roux flasks.
5.2 THE DEVELOPMENT AND EVALUATION OF GLASS SPHERE PROPAGATORS.
(a) Adhesion o f Cells to  Glass Spheres
Monolayer cells were attached to glass spheres in the packed bed reactors using 
a concentrated inoculum (Section 2.3). For th is technique the required number o f cells 
was suspended in 20% o f the cu lture  medium which was just su ffic ie n t to  cover the 
substrate bed. Medium c ircu la tion  was started 24 hours la te r and caused no damage to 
the cells measured by th e ir p roduc tiv ity  (Section 2.4) and virus suscep tib ility  (Section 
2.4). A shorter attachm ent period fo r the cells o f 5 hours was also sa tis facto ry . This 
technique was used during the optim isa tion investigations (Section 4.4).
The d is tribu tion  o f cells in the substrate bed was investigated at the 1 li t re  scale 
(Section 4.4). A t this scale the cells were evenly dispersed through the glass spheres 
and on the bottom  of the reta in ing chamber. When the same quantity o f glass spheres 
was housed in a bed w ith  a height to diam eter ra tio  of 12:1 to  represent the ve rtica l 
portion o f the glass sphere bed o f the 100 li t re  propagator the d is tribu tion  o f cells was 
uneven due to the s ieve-like action o f the glass spheres. Whether th is experim enta l 
packed bed is an accurate representation o f the conditions in the 100 l i t re  glass sphere 
propagator is a m a tte r o f debate u n til cells are recovered from  the actual reactor. I f  
the experim ental findings are co rrec t then more uniform  ce ll d is tribu tion  could be 
achieved in very deep beds o f glass spheres by (1) introducing ha lf the ce ll inoculum at 
the top o f the bed and the other ha lf a t the bottom , or (2) having a series o f separate 
wide substrate beds.
The glass spheres were not specially treated before they were used fo r ce ll 
growth (Section 2.4). This technique d iffe red  from  tha t reported by Wtihler e t al (1972) 
and Burbridge (1979). A simple wash in hot water followed by a rinse w ith  d is tille d  
water was su ffic ie n t fo r glass spheres used in the three smaller scale propagators even 
a fte r they had been used fo r virus production. A t the 100 lit re  scale the glass spheres 
were not removed from  the substrate reservoir fo r cleaning^ Before the glass spheres
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were re-used they were merely steam-washed as part of the in-place steam 
s te rilisa tion  process. This technique was shown to be satisfactory by (1) results from  
the 100 li t re  propagator, and (2) removing portions of the glass spheres from  the large- 
scale version and carry ing out comparative ce ll growth studies in the sm aller scale 
propagator.
(b) Recovery o f Cells from  Glass Spheres
Cells were recovered from  glass spheres (at a ll stages o f growth) by using 
techniques s im ila r to  those used rou tine ly fo r detaching monolayer cells from  planar 
surfaces. For example, the digestive enzyme trypsin was used to  recover BHK 
monolayer cells w h ils t the chelating agent EDTA was used fo r IB-RS-2 pig kidney 
monolayer cells. W ith the small scale propagator (0.1 and 1 litre )  ce lls  were 
e ffic ie n tly  recovered w ith  the substrate bed in ta c t (Section 2.3). When th is technique 
was used to recover cells from  the 10 li t re  version the number o f cells obtained was 
less than expected (Section 3.4). This problem was overcome by a detailed 
exam ination o f the successful technique. A t the smaller scales (and fo r Roux flasks) 
occasional ag ita tion  was used during the ce ll detachment process. The 10 l i t r e  glass 
sphere reservoir was then mounted on a vibrating p la tfo rm  in order to  copy the 
ag ita tion  process. A fte r  a series o f tr ia ls  to determ ine the amplitude o f v ib ra tion  and 
the duration o f ag ita tion  quantita tive  ce ll recovery was achieved (Section 3.4). The 
procedure adopted caused no detectable damage to the cells determ ined as v ia b ility  or 
by the capab ility  to produce virus (Section 3.4). Burbidge (1979) also found mechanical 
ag ita tion  and trypsin trea tm ent suitable fo r the recovery o f human d ip lo id fib rob lasts 
from  packed beds o f glass spheres.
The a b ility  to recover cells quan tita tive ly  from  glass spheres enabled (1) o ther 
larger-scale propagators to be inoculated w ith  cells, and (2) ce ll d is tribu tion  in the 
substrate bed to be investigated (Section 4).
(c) Physical Parameters o f Glass Sphere Propagators
i) Packed substrate bed; The size o f glass sphere used as the substrate in a 
packed bed reactor is im portant. Small glass spheres take up l i t t le  volume which 
provides f le x ib il ity  fo r design but can re s tr ic t the flow  of medium. In contrast large 
glass spheres allow  medium to flow  free ly  but l im it  the choice o f design because o f the 
greater volume they occupy. Glass spheres ranging in size from  2 mm diam eter to  7 
mm diam eter and occupying from  20% to  70% o f the cu lture volume were tested and 
found sa tis factory fo r the growth o f BHK monolayer cells (Section 2.4). A fte r  these 
tria ls  the 3 mm diam eter glass spheres were selected because they provided an 
acceptable compromise between a small substrate bed and the e ffic ie n t flow  o f 
medium.
Straight-sided beds o f glass spheres w ith  height to diameter ra tio  o f 12:1 were as 
sa tis fac to rily  fo r the growth o f BHK monolayer cells as those w ith  the standard ra tio  
o f 1:1 (Section 4.4). This demonstrated tha t the shape o f the substrate bed was less 
im portant than the co rrec t flow  o f medium. This observation is d iffe re n t from  tha t 
reported by Rudiger (1975) w ith  a conical-shaped packed bed reactor. To achieve the 
correct flow  o f medium each scale o f glass sphere reservoir used was designed to have 
good drainage. The two sm aller propagators had substrate reservoirs w ith  hem i­
spherical bottoms w h ils t the 100 li t re  propagator also had a th in  layer o f la rger glass 
spheres (7 mm diameter) resting on a perforated stainless steel grid, to  support the 3 
mm diameter glass spheres (Section 3.2).
ii)  Medium c ircu la tio n : P re lim inary investigations showed quan tita tive  ce ll 
growth equivalent to  tha t obtained from  Roux flasks and was only possible when 
medium was c ircu la ted  through the substrate bed using a simple a i r l i f t  (Section 2.4). 
From investigations at the 100 ml scale there was an optimum flow ra te  fo r passing 
medium through the packed bed o f glass spheres (Section 2.4). Below th is  c r it ic a l 
value ce ll growth declined due to inadequate nu trien t supply w h ils t above the c r it ic a l 
level ce ll growth also declined. The reason fo r this was not established. The observed 
optimum medium flow ra te  in the 100 ml system o f 18ml/mm corresponded to  a linear
flow ra te  down the substrate bed o f 2 cm /m in. This value was confirm ed by 
experiments carried out at the 1 li t re  scale (Section 3.4). From these findings the 
linear flow ra te  o f 2 cm s/m in was used fo r medium c ircu la tion  through the glass 
sphere beds o f the 10 li t re  and 100 l i t re  propagators. The e ffic iency o f medium flow  
through the substrate bed was subsequently ve rified  by concentrated ce ll growth 
experiments using the packed glass sphere bed from  100 ml propagators (Section 4.4).
i i i)  Pumps: Medium was c ircu la ted  through the substrate beds o f the prototype 
propagators by an a ir l i f t .  This device was simple to operate, cheap to manufacture 
and had no moving parts and so did not require special sealing arrangements which can 
be a hazard to  the s te r ility  o f the cu ltu re  environment. Because the a i r l i f t  system was 
sa tis facto ry  fo r the prototype packed bed reactors medium was c ircu la ted through the 
substrate beds o f glass sphere propagators at a ll scales o f operation by a i r l i f t  pumps. 
The ra te  at which flu id  is moved by an a i r l i f t  is influenced p rim arily  by (1) the length 
o f the lift-p ip e , (2) the diam eter o f the lift-p ip e , and (3) the flow ra te  o f the pumping 
gas (Sections 2.4 and 3.4). In addition to c ircu la ting  cu lture  medium the a ir l if ts  also 
helped to  regulate the levels o f pH and dissolved oxygen. By using 5% CC^ in a ir as 
the pumping gas to a ir l if ts  the pH o f the cu lture medium could be held w ith in  
acceptable lim its  fo r ce ll growth fo r about 75% o f the incubation period. For the 
remainder o f the incubation period the pumping gas was changed to  a ir alone. To 
satisfy the oxygen demand of growing cells the gas flow  to a ir l if ts  could be increased 
beyond tha t necessary fo r medium c ircu la tion . In such circumstances the linear 
flow ra te  through the substrate bed was maintained at the prescribed level by 
physically re s tr ic tin g  the medium flow ra te  (Section 3.5 and 4.4).
Mechanical pumps have been used to  c ircu la te  cu lture  medium through packed 
beds o f glass beads (WBhler et al, 1972; Neas and Perez, 1979). Satisfactory medium 
c ircu la tion  was achieved in glass sphere propagators using p e ris ta ltic , gear and 
diaphragm pumps. When these devices were used aeration o f the cu ltu re  was carried 
out by small bubbles delivered from  a s in ter located in the base o f the medium 
reservoir and supplied w ith  the same gas m ixture  and at the same ra te  as was used fo r 
propagators f it te d  w ith  an a ir l i f t  (Section 4.4).
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5.3 BIOLOGICAL PRODUCTIVITY OF GLASS SPHERE PROPAGATORS
The e ffic iency  o f b io log ica l production in glass sphere propagators was evaluated 
by comparison to the number o f cells and quantity  o f virus recovered from  Roux flasks 
cu ltured at the same tim e. In it ia lly  th is comparison was made using the production o f 
foo t and mouth disease in BHK monolayer cells. Subsequently the b io logical 
p roduc tiv ity  o f the glass sphere propagator process was tested using, (1) the production 
o f swine vesicular disease virus in IB-RS-2 pig kidney monolayer cells, and (2) the 
production o f attenuated human influenza virus in chick embryo fibroblasts.
(a) C e ll Production
The growth o f BHK monolayer cells was carried out at a ll four scales o f glass 
Sphere propagator operation although cells were not recovered from  the 100 li t re  
version. From three scales o f glass sphere propagators the number o f cells recovered 
was s im ila r to  tha t from  Roux flasks (Section 3.4). Cell growth was greatest at the 1- 
l i t re  scale and was equivalent to tha t from  13 Roux flasks instead o f the designed level 
o f 10 Roux flasks. The least number o f cells was recovered from  the 10 li t re  glass 
sphere propagators. However, th is quantity  o f cells was s t il l equal to tha t from  an 
equivalent number o f Roux flasks. Subsequently ce ll growth in 10 l i t re  propagators 
was improved to a level s im ila r to tha t in the 1 li t re  glass sphere propagators. This 
improvement was brought about by increasing the gas flow  to the a ir l i f t  pump in the 
10 l i t re  glass sphere propagators. The tim e o f maximum cell growth in glass sphere 
propagators was determined by a drop in the concentration of glucose in the cu ltu re  
medium below 2 g / litre .  This level o f glucose concentration was reached a fte r  4 days 
incubation in Roux flasks and in the three scales o f glass sphere propagators from  
which cells were recovered. However, in the 100 lit re  propagator the concentration o f 
glucose did not fa ll below 2 g / litre  u n til 5 days incubation had elapsed. This anomaly 
was la te r shown to  be caused by an insu ffic ien t supply o f oxygen determ ined from  
measurement o f the oxygen transfer ra te  (Section 4.4). From the concentration o f
glucose in the cu ltu re  medium at the tim e when cells were recovered the u tilisa tion  o f 
glucose fo r ce ll production was calculated. This showed tha t fo r the growth o f BHK 
monolayer cells in glass sphere propagators glucose was used at a s im ila r ra te  to th a t 
calculated fo r Roux flasks (Section 3.4). Neas and Perez (1979) have also reported the 
sa tis factory growth o f BHK cells on 5 to  6 mm diameter Pyrex glass beads in a 
laboratory-scale packed bed reactor.
The glass sphere propagator process was exploited as a un it process fo r the 
growth o f anchorage dependent cells d iffe re n t from  the above b io logical model. For 
this, two types o f cells were used. These were IB-RS-2 pig kidney monolayer cells and 
chick embryo fibroblasts. The IB-RS pig kidney monolayer cells were grown in the 0.1, 
1 and 10 li t re  scales o f glass sphere propagators to levels s im ilar to  those obtained 
from  Roux flasks. This demonstrated tha t IB-RS-2 pig kidney cells which now only 
grow in monolayer cu ltu re  can be grown in the 100 m l glass sphere propagators to 
concentrations s im ila r to  those recovered from  Roux flasks. In addition th is exercise 
showed tha t prim ary animal cells could be grown sa tis fac to rily  in glass sphere 
propagators. O ther workers have reported the satis factory growth o f human diplo id 
fibroblasts in packed beds o f glass spheres (Wbhler et al, 1972; Burbidge, 1979; 
Robinson e t al, 1979; Mann et a l, 1979). For the growth o f the above two anchorage 
dependent cells in glass sphere propagators the techniques developed fo r the grow th o f 
BHK monolayer cells were used w ith  only m inor m odifications.
(b) Virus Production
The v ira l susceptib ility  o f BHK monolayer cells grown in glass sphere 
propagators was tested using d iffe re n t strains o f foot and mouth disease virus. Virus 
production was measured both as in fectious virus and as antigenic virus. For the 
prototype glass sphere propagators three strains of foo t and mouth disease virus were 
used. These were (1) C N oville , which is a standard vaccine stra in  and grows w e ll in 
both BHK monolayer and BHK suspension cells, (2) O Hong Kong 21/70, which grows
poorly in both types o f BHK cells, and (3) Greece 1/72 which does not grow in 
BHK suspension cells. The maximum levels o f in fectious virus (measured a fte r  24 
hours incubation) fo r the three strains o f virus produced in glass sphere propagators 
were s im ila r to  those from  Roux flasks. The maximum levels o f antigenic virus 
(measured a fte r 48 hours inclubation) fo r both the C Noville and A 22 Greece 1/72 
strains o f foo t and mouth disease grown in glass sphere propagators were higher than 
those from  Roux flasks. For the th ird  virus stra in, O Hong Kong 21/70, the maximum 
levels o f antigenic virus produced in the two cu lture  systems were s im ila r (w ith in  the 
lim its  o f the assay system). A more c r it ic a l assessment o f antigenic virus production 
was made by re la ting  virus growth to  the number o f viable cells present a t the tim e  o f 
virus in fec tion . This showed tha t the amounts o f C Noville and A22 Greece 1/72 v ira l 
antigen produced in glass sphere propagators compared favourable w ith  th a t from  
Roux flasks. The amount o f O Hong Kong 21/70 v ira l antigen produced in the 
prototype reactors was s im ila r to tha t from  Roux flasks.
To compare the v ira l susceptib ility  o f BHK monolayer cells grown in glass sphere 
propagators a t d iffe re n t scales of operation, four strains of foo t and mouth disease 
virus were used. These were (1) C Noville , (2) 01BFS1860, which are standard vaccine 
strains and grow w e ll in both BHK ce ll systems (3) SAT3 Bee 1/65, which grows 
m oderately in BHK suspension cells, (4) A22 Greece 1/72 which cannot be adapted to 
grow in BHK suspension cells. For these virus strains the maximum levels of 
in fectious virus produced in four scales o f glass sphere propagator were s im ila r to 
those from  Roux flasks. The only exception was the O, BFS 1860 stra in  grown in the 
100 l i t re  propagator. The maximum level o f in fectious virus fo r th is stra in  o f fo o t and 
mouth disease was less than tha t from  Roux flasks. W ith the exception o f the 100 li t re  
propagator the maximum levels o f antigenic virus produced fo r a ll four virus strains 
grown in glass sphere propagators compared favourably w ith  tha t from  Roux flasks. 
The more c r it ic a l assessment o f antigen production used fo r the prototype propagators 
could not be calculated fo r these scale-up investigations since the 100 l i t r e  glass
sphere propagator was not designed fo r ce ll recovery. Antigen production in the 100 
lit re  propagator was la te r improved to levels s im ila r to those from  Roux flasks by 
correcting the process conditions fo r ce ll growth.
The v ira l susceptib ility  o f IB-RS-2 pig kidney monolayer cells grown in glass 
sphere propagators was tested using swine vesicular disease virus. Maximum levels o f 
in fectious virus produced a t three scales o f glass sphere propagator operation were 
s im ila r to  those from  Roux flasks. In addition the maximum levels o f antigenic virus 
produced in these glass sphere propagators was also s im ila r to th a t from  Roux flasks. 
These investigations demonstrated tha t large quantities o f a veterinary im portan t 
virus can be produced e ffic ie n tly  in a un it process when submerged cu lture  techniques 
cannot be used. Virus produced in this way was used as a diagnostic reagent and could 
be used fo r the preparation o f vaccine. The v ira l susceptib ility  o f chick embryo cells 
grown in glass sphere propagators was tested using attenuated human influenza virus. 
Virus production, measured as in fectious virus, was s im ilar in glass sphere propagators 
and Roux flasks. This demonstrated tha t the glass sphere propagator process could 
have applications fo r the preparation o f v ira l vaccines fo r humans.
.4 DETERMINATION OF PRODUCTIVITY FROM BIOCHEMICAL ANALYSIS OF THE 
CULTURE MEDIUM
(a) Cell G rowth by Glucose Concentration
The tim e o f maximum cell production fo r BHK monolayer cells grown in 100 m l 
glass sphere propagators was determined by sacrific ing  s im ilar cultures to recover the 
cells. This unsatisfactory procedure was replaced by monitoring the concentration o f 
glucose in the cu ltu re  medium a fte r com parative tests showed tha t a t the tim e  of 
maximum cell production the level o f glucose had fa llen from  the orig ina l 3.6 g / l i t re  
to between 1.5 and 2 g / litre  (Section 3.4). This technique was used subsequently to  
determ ine the tim e to  (1) recover cells, and (2) in fe c t cells w ith  virus fo r cu ltures o f 
BHK monolayer cu ltu re  carried out at a ll scales o f glass sphere propagator operations. 
A t the 100 li t re  scale the concentration o f glucose fe ll to between 1.5 and 2 g / l i t re  
a fte r 5 days incubation instead o f the 4 days taken fo r the sm aller scale propagators. 
This observation was the f ir s t  indication tha t conditions fo r ce ll grow th in the 100 li t re
propagator were not the same as those in other scales o f glass sphere propagators. In 
addition the orig inal use o f the measurement o f glucose in cu lture medium has now 
been extended to enable the technique to determ ine the level o f production o f BHK 
monolayer cells grown in glass sphere propagators. This was possible as a result o f the 
high corre la tion  co e ffic ie n t between the glucose concentration and the number o f cells 
recovered from  1 l i t re  propagators (Section 4.4).
The measurement o f glucose concentration in the cu lture  medium during ce ll 
growth has been used successfully to  determ ine the tim e of maximum ce ll production 
fo r a ll types o f monolayer cells grown in glass sphere propagators. For example chick 
embryo fibroblasts and IB-RS-2 pig kidney monolayer cells and chick embryo 
fibroblasts (Section 4.4).
The level o f glucose remaining in the cu lture  medium when cells are recovered 
from  cultures can be used to  determ ine:-
(1) the e ffic iency  o f glucose u tilisa tion  fo r the production o f d iffe re n t
animal cells grown in s im ila r conditions (Section 4.4),
(2) the production o f one type o f monolayer in d iffe ren t cu ltu re  systems
(3.4.2), and
(3) the e ffic iency  o f glucose u tilisa tion  fo r the production o f one type o f
monolayer ce ll in a single cu ltu re  system w ith  d iffe re n t conditions o f 
growth.
(b) M onitoring o f Virus Production by Lacta te  Dehydrogenase.
Virus production in glass sphere propagators was rapid ly and e ffic ie n tly  
m onitored by measuring a secondary e ffe c t o f virus replication. This e ffe c t was the 
increased perm eability  o f the ce ll membrane which allowed the excretion o f in te rna l 
ce ll components in to the surrounding cu ltu re  flu id . The release o f one such component 
the enzyme lacta te  dehydrogenase was monitored using an autoanalyser (Section 3.3). 
This analysis was then compared w ith  virus production measured as in fectious and
antigenic virus. The comparison showed tha t the maximum level o f la c ta te  
dehydrogenase in the cu ltu re  medium corresponded to maximum production o f 
in fectious virus. In addition, when the level o f the enzyme in the cu ltu re  medium 
started to decline this coincided w ith  the maximum production o f antigenic virus. This 
relationship enabled virus cultures to be term inated at the tim e  o f maximum
infectious virus production (fo r preparation o f virus seed fo r other cultures) and
maximum antigenic virus production (fo r preparation and evaluation o f experim enta l 
vaccines).
The release o f la c ta te  dehydrogenase was also measured during (1) the 
production o f swine vesicular disease virus in IB-RS-2 pig kidney monolayer cells and
(2) one-cycle production o f foo t and mouth disease virus in BHK monolayer cells.
The biochem ical analysis o f cu ltu re  medium was an easy and rapid method fo r 
the determ ination o f p roduc tiv ity  in glass sphere propagators. Such analysis could be 
used to investigate (1) the u tilisa tion  o f other nutrients and (2) the build up o f 
inh ib ito ry  m etabolites such as la c tic  acid or ammonia (Butler, personal 
communication). In addition the analysis could be carried out continuously by 
connecting the autoanalyser d irec tly  to  a glass sphere propagator, then by link ing the
autoanalyser to a suitably programmed computer, biochemical maxima could be
determ ined autom atica lly . This in fo rm ation  could then be passed back to  the 
propagator enabling the cu ltu re  to be term inated autom atica lly at or jus t a fte r  the 
tim e o f maximum bio logical p roductiv ity . The measurement o f the release o f la c ta te  
dehydrogenase fo r determ ining virus production would be even more useful i f  the 
concentration o f the enzyme could be corre lated to virus concentration.
.5. UTILISATION OF THE SPECIAL FEATURES OF GLASS SPHERE PROPAGATORS
The special features o f the un it process glass sphere propagator system are (1) 
the a b ility  to rapid ly change process fluids, (2) separation o f ce ll grow th from  
adjustments to the cu lture  environment and (3) f le x ib ility  o f the process system.
These special features were demonstrated and evaluated in the followng ways. The 
a b ility  to rap id ly change process flu ids in glass sphere propagators was u tilised fo r the 
production o f in fectious foo t and mouth disease virus by the one-cycle virus 
rep lica tion  technique. For the determ ination o f the optimum levels o f pH and 
dissolved oxygen in glass sphere propagators the necessary sensors were mounted in 
the medium reservoir. This enabled correction to be made to the cu lture  medium 
away from  the ce ll growth chamber. The f le x ib il ity  o f the glass sphere propagator 
process was u tilised  fo r the production o f concentrated biological m ateria l.
(a) The One-cycle Production o f Infectious Foot and Mouth Disease Virus in Glass 
Sphere Propagators.
When foo t and mouth disease virus is required fo r investigational purposes i t  is 
usually prepared from  in fections produced in BHK monolayer cells grown in Roux 
flasks. To m inim ise contam ination w ith  therm al breakdown products the virus is 
produced and recovered as rap id ly  as possible using a one-cycle growth technique. 
This technique involves, (1) concentrated virus seed production, (2) a short adsorption 
period fo r the virus seed, (3) washing the ce ll sheet to  remove unabsorbed virus, (4) 
addition o f virus growth medium, and (3) the rapid recovery o f the in fectious virus 
produced. I f  large quantities o f the v ira l RNA are needed fo r standardisation o f the 
product or fo r intensive analysis the conventional m ultip le  Roux flask process is 
im practica l. In such circumstances the glass sphere propagator systems o ffe r  a 
convenient a lte rna tive  process fo r virus growth because of the ir special design feature  
(the packed substrate bed). The feas ib ility  o f using the glass sphere propagators fo r 
one-cycle virus production was tested a t the 1 - litre  scale. For th is the concentrated 
virus seed was produced by reducing the volume o f virus growth medium to 300 m l and 
incubating fo r 18 hours. This m ate ria l was then used to in fec t cells in the isolated, 
drained glass sphere reservoir from  a second glass sphere propagator. A fte r  15 
minutes adsorption the virus seed was removed and the cells in the glass sphere 
reservoir washed w ith  phosphate buffered saline solution. The reservo ir was then
re fille d  w ith  virus growth medium and air passed through the chamber a t 30 cc/m in . 
Eight hours la te r the in fectious virus produced was removed and stored a t -70°C . The 
release o f in fectious virus from  BHK monolayer cells in the glass sphere reservoirs o f 
1 - litre  propagators is shown in Figure 5.1. The bio logical m ateria l produced in th is  way 
(Fig. 5.1) was s im ila r in in fe c t iv ity  to tha t from  an equivalent number o f Roux flasks 
(Table 5.1). In addition the RNA recovered from  the virus grown in glass sphere 
propagators was biochem ically satis factory (C larke, personal com munication). The 
technique is cu rren tly  being developed a t the 10 li t re  glass sphere propagator scale 
(equivalent to  100 Roux flasks) where the maximum production o f in fectious virus w ill 
be determ ined by m onitoring the release o f lac ta te  dehydrogenase.
(b) Separation o f the Aeration System from  the Cells.
In order to determ ine the optimum values o f pH and dissolved oxygen needed fo r 
the growth o f BHK monolayer cells sensors to  m onitor and contro l these parameters 
had to be f it te d  in to the 1 li t re  glass sphere propagator system. Since glass sphere 
propagators were designed to have separate chambers fo r ce ll growth and fo r medium 
storage i t  was decided to mount the sensors fo r pH and dissolved oxygen in the medium 
reservoir so tha t there should be no in terference to the growing cells. For these 
investigations 1 li t re  glass sphere propagators were used w ith  the sensors connected to 
contro l equipment which au tom atica lly  corrected deviations from  the preset values. 
These corrections were made in the medium reservoir before the cu ltu re  medium 
entered the glass sphere chamber. Using this technique maximum ce ll grow th took 
place at pH 7.0 (Section 4.4). Telling and Stone (1964) reported an optim um  pH level 
o f between 7.2 and 7.4 fo r the growth o f BHK suspension cells in s tirred  tanks. In 
addition Neas and Perez (1979) maintained a pH of 7.2 + 0.2 fo r the growth o f BHK 
cells in a packed bed reactor. There was no optimum value fo r the dissolved oxygen 
concentration in glass sphere propagators since maximum ce ll growth occurred 
between 40% and 100% of the a ir saturation level (Section 4.4). This observation is 
not in agreement w ith  tha t reported fo r the growth o f BHK suspension ce lls  in s tirre d
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The Release of Infectious Foot and Mouth Disease 
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Table 5.1 The One-Cycle Production of Infectious Foot and Mouth
Disease Virus in 1 Litre Glass Sphere Propagators 
and Roux Flasks
Infectious Virus (log q^ pfu/ml)
Scale Asia I Iran 1/73 0, Campos
Roux flask 7.7 + 0.5 (4) 7.7 (2)
1 Litre Propagator 7.8 + 0.4 (5) 7.7 (2)
Roux flask 7.6 (2) N.D,
10 Litre Propagator 7.6 (2) N.D.
tanks (R ad le tt e t al, 1972a). The maximum growth o f suspension ceils generally takes 
place at an optimum level o f dissolved oxygen concentration (Spier and G riff ith s , 
1982). The decline in ce ll growth above a c r it ic a l value o f dissolved oxygen 
concentration may be caused by e ither (1) oxygen to x ic ity  to  the cells, or (2) physical 
damage to  the cells caused by the bubbles used to aerate the cu ltu re  flu id  (K ilbum  and 
Webb, 1968). The investigations w ith  glass sphere propagators indicated tha t the upper 
l im it  o f dissolved oxygen concentration fo r suspension cells is caused by mechanical 
damage to  the cells ra ther than oxygen to x ic ity . The technique o f separating the 
aeration system from  the growing cells is curren tly  being developed to  determ ine the 
e ffe c ts  o f d iffe re n t levels o f dissolved oxygen on the growth o f BHK suspension cells 
and BHK monolayer cells cu ltured on m icrocarriers. Achieving the necessary levels o f 
dissolved oxygen in large-scale m icrocarrie r cultures is obviously d if f ic u lt  because 
some workers w ith  such systems have m odified the unit process in to a two-vessel 
system (van Wezel and van der Velden-de Groot, 1978; G riffith s  et al, 1980).
(c) Concentrated C e ll Production
Cell production in 1 l i t re  glass sphere propagators was increased by replenishing 
depleted cu ltu re  medium (Section 4.4). This a b ility  to  increase ce ll growth by 
supplying extra cu lture  medium was used la te r to  investigate conditions inside the 
packed substrate bed. For standard process conditions the flow  o f cu ltu re  medium 
through the glass spheres was sa tis factory since the number o f cells recovered was 
s im ila r to  tha t from  Roux flasks (Section 3.4). Increased ce ll production could impede 
medium c ircu la tion  through the substrate bed by constricting the voids between the 
glass spheres. To test th is assumption extra  cu ltu re  medium was made available fo r 
the growth o f BHK monolayer cells in a 100 m l glass sphere reservoir by connecting i t  
to a 1 l i t re  medium reservoir (Section 4.4). The number o f cells recovered from  th is 
novel arrangement were s im ila r to those from  a standard 1 l i t re  propagator. From this 
i t  can be in ferred tha t medium c ircu la tion  through the packed bed o f glass spheres is 
e ffic ie n t fo r ce ll concentrations a t ten tim es the level fo r which the apparatus was
orig ina lly  designed. This observation can now be u tilised fo r the fu rthe r development 
o f the glass sphere propagator system. The new arrangement can be considered both 
as (1) a x 10 medium reservoir w ith  a standard scale glass sphere reservoir, and (2) a 
standard medium reservoir w ith  a ten th  scale glass sphere reservoir.
The f ir s t  o f these process arrangements provides a convenient way o f increasing 
the concentration o f cells in glass sphere propagators which can be used fo r (1) 
investigation o f ce ll growth a t high ce ll densities, (2) production o f virus from  high ce ll 
concentrations and (3) the production o f concentrated virus suspensions. A t present 
the concentrations o f animal cells in cu lture  are a frac tion  o f those achieved fo r 
cultures o f other m icro-organisms. For example, BHK suspension cells have been 
grown to  9 x 10^/m l (R ad le tt et al, 1971), w h ils t the bacterium  escherichia co li can 
reach a concentration o f 5 x 1 0 ^  ce lls /m l (Shiloach and Bauer, 1973). Virus 
production could be increased using the extra  ce ll growth. However, the production o f 
foo t and mouth disease virus at high ce ll densities is not proportional to ce ll
c
concentration (Capstick e t al, 1967). The reduced virus yields are probably due to  a 
nu trien t defic iency in the virus growth medium (R adlett, unpublished observation) but 
w ill require fu rthe r investigation. Concentrated virus suspensions could be produced 
by the use o f small volumes o f virus growth medium. To do this the x 10 medium 
reservoir could be replaced by a standard scale chamber containing jus t su ffic ie n t 
medium to cover the glass spheres (some 250 ml). An 800-fold increase in virus 
concentration would resu lt which could be o f benefit fo r (1) downstream processing as 
purified  virus preparations and (2) concentrated antigen fo r the production o f more 
e ffe c tive  vaccines.
The second process arrangement allows (1) the size o f the glass sphere 
propagators to be reduced and (2) each scale o f glass sphere propagator to produce 
b io logical m ateria l equivalent to tha t from  a x 10 reactor. For example, a 10 li t re  
glass sphere reservoir connected to a 100 li t re  medium reservoir would a llow  cells to  
be recovered from  the equivalent o f 1,000 Roux flasks using previously developed
techniques. In addition, the 100 l i t re  propagator could be operated as a 1,000 li t re  
reactor equivalent to 10,000 Roux flasks by supplying the required volume o f cu ltu re  
medium. This could be done by an autom atica lly  contro lled m etering system or by a 
suitab ly supplemented medium which could be developed from  studies o f the 
nu trition a l requirements o f cells.
The potentia l uses fo r the redesigned glass sphere propagator sytem are 
curren tly  being investigated and w ill be described in more deta il la te r.
.6 PROPOSALS FOR THE FURTHER DEVELOPMENT OF THE GLASS SPHERE 
PROPAGATOR PROCESS
(a) Recovery o f Cells from  Immobile Glass Sphere Propagators
Cells were not recovered from  the 100 li t re  glass sphere propagator because the 
substrate bed could not be vibrated in a way s im ila r to  tha t used fo r the three sm aller 
scale version. This process defic iency should be remedied to enable cells from  the 100 
l i t re  propagator to  serve as the inoculum fo r larger glass sphere reactors, fo r example, 
a 1,000 li t re  reactor. In addition, the ce ll recovery technique could be used w ith  
im m obile 10 li t re  glass sphere propagators which could be constructed as test-beds fo r 
the industria l-scale versions. For the recovery o f cells from  im m obile propagators the 
obvious way would be to mount the substrate reservoir on a suitab ly strengthened 
vib rating p la tfo rm  and make the necessary connections to process lines w ith  flex ib le  
tubing. However, th is arrangement would be less satis factory than a system o f 
v ib ra ting the packed bed o f glass spheres w ith in  the substrate reservoir (F ig. 3.2). To 
do th is the glass sphere bed would be supported on a stainless steel grid  mounted in a 
flex ib le  rubber gasket. This supporting structure  would then be connected by a rod or 
rods to a v ibrating mechanism located outside and above the substrate reservo ir. The 
am plitude o f v ib ra tion and the tim e needed to recover cells from  the im m obile 
propagator could be determ ined from  tria ls  s im ilar to those carried out w ith  the 10 
lit re  glass sphere propagator (Section 3.4).
Figure 5.2 Proposed Arrangement for the Recovery of Cells
from Immobile Glass Sphere Propagators
A. Vibrator
B. Connection between vibrator and flexible screen
C. Flexible seal
D. Glass spheres
E. Flexible screen
(b) Design fo r 1,000 L itre  Glass Sphere Propagator
Since the unit process glass sphere process has been successfully scaled-up from  
0.1 li t re  to  100 litre s  there is no reason why s t i l l  larger versions should not be possible. 
The next development o f glass sphere propagator would be a 1,000 li t re  reactor 
(equivalent to  10,000 Roux flasks) w ith  an area available fo r ce ll growth o f 200 M . 
To ca lcu la te the size o f vessel needed to contain th is amount o f substrate the packed
bed o f the 10 li t re  glass sphere propagator w ill be used as the model. In th is reactor
2 32M o f glass spheres (assuming only the upper halves are used) occupies 3,000 cm and
so a substrate bed o f 200 M (1,000 li t re  propagator) would have a volume o f 300,000
cm3 or 0 .3M 3. To conform  w ith  the present glass sphere propagators the new reactor
would have a packed substrate bed w ith  a height to diam eter ra tio  o f 1:1 -
height = d iam eter (D) 
then 0 .3M 3 = D x"R~x ( ^ )2
4 x 0.3 x 106 ^3------------------ = D cms
D = 3 1 4 x 0 . 3  x 106 _0 .  = 72.6 cms
From this ca lcu la tion the packed bed o f 3 mm diameter glass sphere fo r 1,000 
litre  propagator would have a height and diam eter o f 73 cm. The medium reservo ir fo r 
the new propagator would contain 800 litre s  o f cu ltu re  medium. I f  th is vessel had a 
diam eter o f 73 cm then its  height (H) would be:-
800 x 103 = H x j j x  ( ^ | ) 2
H = 4 x 800 x 103
752 x = 181 cms
For the new propagator medium would be passed down the substrate bed a t a linear 
flow ra te  o f 2 cm /m in (Section 2.4) which would require a flow ra te  o f some 8 to 8.5 
litre s /m in . This could be achieved by (1) m u ltip le  a ir l if ts  s im ila r to  those used fo r the 
100 li t re  propagator, or (2) a sterilisab le  mechanical pump, fo r example, a gear pump 
w ith  a m agnetica lly coupled drive. For the la tte r  arrangement aeration could be 
provided by sm all bubbles generated by (1) a s in ter s im ila r to  tha t used previously 
(Section 4.4), or (2) a B erkfie ld  f i l te r  candle (Berkfie ld  L td). The gas flow  necessary 
fo r ce ll growth would be determ ined from  measurement o f maximum oxygen transfe r 
rates (Section 4.4) carried out in the new reactor. Medium fo r the new propagator 
could not be produced w ith  the present medium f ilt ra t io n  apparatus and even i f  la rger 
f i l te r  presses were available storage o f 1,000 litre s  o f cu lture  medium in 4°C  cold 
room would be d if f ic u lt  because of inadequate space. To overcome these d iff ic u ltie s  
the a lterna tives could be, (1) the preparation o f concentrated cu ltu re  medium which 
could be d iluted in the medium reservoir o f the new propagator and (2) 
supplementation o f the medium during biological growth. Both these proposals could 
be tested by tria ls  carried out in 10 and 100 li t re  glass sphere propagators. The ce ll 
inoculum fo r the 1,000 l i t re  propagator could be produced in the 100 l i t re  glass sphere 
propagator and recovered using the technique described above. Virus seeds would also 
be produced in the 100 l i t re  reactor and stored in glycerol at -20°C  using the process 
described previously (Section 3.2).
5.7 POTENTIAL BIOLOGICAL APPLICATIONS FOR GLASS SPHERE PROPAGATORS
(a) Veterinary Vaccines
i) Foot and mouth disease vaccine: There is a w idely held be lie f tha t v ira l
antigen produced by the Frenkel process (Section 1.2) using bovine tongue ep ithe lium  is 
be tte r than tha t produced in cultures o f BHK suspension cells. This theory could be 
tested by producing antigen in bovine ep ithe lia l prim ary monolayer cells grown in glass 
sphere propagators. In addition the use o f this more natural host fo r the grow th o f
foo t and mouth disease virus in glass sphere propagators would allow  the process to  be 
be tte r m onitored and quantified than cultures o f bovine epithelium  tissue fragments. 
Furtherm ore, virus preparations produced in th is way should be more acceptable fo r 
in jection  in to  bovines and could o ffe r the possib ility o f growing other animal viruses in 
cu ltured cells o f the same type as the rec ip ien t animal. For example, swine vesicular 
disease virus grown in pig kidney monolayer cells (Section 4.4).
ii)  Swine vesicular disease vaccine: The production o f swine vesicular disease 
v ira l antigen in the IB-RS-2 line o f pig kidney monolayer cells (Section 4.4) could be 
used fo r the large-scale preparation o f a vaccine against the disease (Mowat e t al, 
1974). Such a vaccine m ight become necessary i f  the incidence o f the disease which 
has now been occurring in sporadic outbreaks over the last few years continues to a 
point where, (1) i t  can no longer be contro lled by the present po licy o f eradication by 
slaughtering, and (2) the economy o f the country can no longer sustain the cost in 
money and lost animals fo r meat production. In such circumstances the necessary 
v ira l antigen could only be produced by growing the virus in monolayer cells. The new 
un it process glass sphere propagators would be an ideal cu lture system.
iii)  Other veterinary vaccines: Veterinary vaccines against virus diseases which 
at present are made in large quantities from  biological m ateria l grown in m u ltip le  
cultures o f animal cells could be produced in glass sphere propagators. For example, 
vaccines against Newcastle's disease, rinderpest, rabies, Teschen disease and 
distemper have a ll been produced from  prim ary monolayer cultures (Sellars, 1970). 
Glass sphere propagators could also be used fo r the preparation o f vaccine which may 
be o f im portance in the fu tu re . For example, there are several exotic  virus diseases o f 
animals which could cause economic hardship i f  they were able to  in fe c t susceptible 
European livestock. These po ten tia lly  dangerous diseases which can be transm itted  by 
ticks  and insects include blue tongue, A frican  swine fever and A frican  horse sickness. 
A ll these viruses have been grown in monolayer cells and the m ate ria l used in 
experim ental inactivated vaccines (Taylor, personal communication).
(b) Human Vaccines
Glass spheres contained in d iffe re n t apparatus have been used as the substrate 
fo r the growth o f human diplo id fibroblasts. For example, neonatal foreskin cells 
(Waters and W alford, 1971), MRC-5 (Mann et al, 1979; Robinson e t al, 1979) and human 
diploid fibroblasts (WBhler e t al, 1972). Glass sphere propagators could be used fo r the 
e ffic ie n t large-scale production o f normal human cells. Such biomass could then be 
u tilised fo r the preparation of, (1) v ira l antigen, and (2) therapeutic agents fo r the 
re lie f o f human disorders. C lin ica l products generated in normal human cells grown on 
a conventional substrate (glass) would o ffe r (1) more acceptable b io logical m ate ria l fo r 
in jection, (2) the opportun ity fo r screening cells fo r the presence o f dangerous 
extraneous micro-organisms, and (3) save the lives o f laboratory animals.
The production o f attenuated human influenza virus in chick embryo fibroblasts 
grown in glass sphere propagators has been described in th is report (Section 4.4). Such 
a process could be the basis fo r the m anufacture o f a vaccine against in fluenza virus. 
A t present such vaccines are produced from  fe rtilise d  eggs as are vaccines against 
yellow fever. Other vaccines against human pathogens which are cu rren tly  produced 
in chick embryo fibroblasts include mumps, measles and rubella. These m u ltip le  bo ttle  
processes could benefit by the adoption o f the un it process glass sphere process.
(c) Therapeutic Agents fo r Human Applications
Anchorage dependent mammalian cells grown in glass sphere propagators could 
be used as an a lte rna tive  souce o f several groups o f therapeutic agents. Many 
enzymes have c lin ica l applications and could be administered as drugs (C a rtw righ t and 
Birch, 1978). The f irs t  enzyme produced in mammalian ce ll cu ltu re  and m arketed as a 
therapeutic agent was the plasminogen a c tiva to r urokinase ( B a lo w ,  et al, 1977). Other 
th rom bo ly tic  enzymes which could be produced in cultured animal cells include tissue 
plasminogen activa to r (Mattson et al, 1981) and hyaluronidase (de O live ira  e t al, 1959). 
A t present, tissue plasminogen a c tiva to r is prepared from  pig m a te ria l (Mattson e t al, 
1981) and hyaluronidase from  bull's testes (Wiseman, 1975). Many cu ltu red  animal
cells have been shown to  produce a varie ty  o f hormones (Katinger and Bleim , 1982). 
These c lin ica lly  im portant compounds are present a t low levels but fu rth e r 
development could make tissue cu lture  an advantageous source o f hormones. 
Interferons in use a t present are prepared from  cu ltiva ted  animal cells (Spier, 1981). 
For the production o f fib rob las tic (8 )in te rfe ron  large quantities o f normal human cells 
are required which at present are grown in ro lle r bottles (Edy e t al, 1976) and on 
m icrocarriers (Giard et al, 1979). The production o f human in te rfe ron  in diplo id cells 
involves (1) prim ing w ith  in te rfe ron , and (2) a super induction schedule using poly-I:C , 
cyclohexiim ide and actinom ycin D (B illiau  e t al, 1973). For such a process the packed 
bed glass sphere propagators would be an appropriate choice. The large-scale 
production o f monoclonal antibodies is carried out by growing hybridomas in 
submerged cu ltu re  (G alfre  and M ilste in , 1975). For investigation purposes hybridomas 
are grown as monolayer cultures and th is form  o f cu lture could be scaled-up using 
glass sphere propagators. This a lte rna tive  large-scale process fo r the production o f 
monoclonal antibodies from  concentrated hybridomas in glass sphere packed bed 
reactors is current being investigated.
(d) Production o f M icrobia l Cells and Metabolites
The glass sphere propagators were developed fo r the large-scale production o f 
anchorage dependent mammalian cells but could be used fo r the growth o f other 
m icrobia l cells and m etabolites which can be grown in tissue cu lture .
Insect cells are usually cultured fo r the investigation o f ce ll biology (Marks, 
1980) and the study o f insect virus rep lica tion  (Granados, 1976; Knudson and Buckley, 
1977). A recent development is the proposal to use insect cells fo r the production o f 
insect pathogenic viruses (nuclear polyhedrosis viruses) fo r the preparation o f 
insecticides (Vaughn et al, 1977; Lynn and Hink, 1978). For th is technique to  be 
successful insect cells w ill have to  be grown on a large scale. C erta in  lepidoteran ce ll 
lines w ill grow in submerged cu ltu re  and mamestra brassicae (cabbage moth) ce lls  have 
been produced in a 10 l i t r e  ferm entor (M .itte n b e rg e r , 1980).Insect cells which cannot 
be adapted to grow in submerged cu lture  are a t present produced in large quantities 
using m u ltip le  ro lle r bottles (Vaughn, 1976; Weiss e t al, 1981).
Plant tissue is an im portant source o f pharmaceuticals and fine  chemicals such 
as perfumes, flavours and pigments (Rhodes and Kirsop, 1982). These secondary 
m etabolites are extracted from  whole plants many o f which are now in short supply 
because o f over-exp lo ita tion. This, together w ith  the high cost o f fie ld  cu ltiva tion , 
has stim ulated the development o f plant ce ll cu lture  (Bull et al, 1979). The large-scale 
growth o f plant cells is usually carried out in submerged culture but these cells have 
low shear tolerance and tend to  form  aggregates (Shuler, 1981). In addition, the 
absence o f ce ll to ce ll contact may in h ib it the e ffic ie n t production o f secondary 
m etabolites (Rhodes and Kirsop, 1982). To overcome these shortcoming o f submerged 
cu lture  the growth o f plant cells in im m obilised cu lture  systems is cu rren tly  being 
investigated. For example, p lant cells have been attached to (1) alginate beads fo r the 
production o f athraquinone and indole alkaloids from  respectively morinda c it r ifo lia  
and catharanthus roseus (Brodelius et al, 1979, (2) hollow fibres fo r the production o f 
phenolics from  soybean cells (Kan and Shuler,1 1978) and (3) nylon mesh and stainless 
steel wool fo r the growth o f hop cells (Rhodes and Kirsop, 1982).
Immobilised enzymes are w idely used in bio logical production processes (Barker 
and Kay, 1975) but now immobilised whole m icrobia l ce ll systems are being developed 
to  reduce costs by e lim inating the processes o f enzyme extraction and p u rifica tio n . In 
addition enzymes may be more stable in whole cells (Durand and Navarro, 1978) and 
reaction rates are increased because o f higher ce ll densities (Ko lo t, 1980). A wide 
range o f bacteria and fungi have been investigated fo r the catalysis o f b io log ica l 
processes on a varie ty  o f supports and have been reviewed by Durand and Navarro 
(1978) and K o lo t (1980). Glass sphere propagators could have applications fo r 
immobilised bacteria and fungii w h ils t the enzymes of mammalian cells may be o f use 
fo r the cata lyisis o f b io logical reactions.
5.8 CONCLUSIONS
An e ffic ie n t packed bed un it process fo r the production o f anchorage dependent 
mammalian cells and animal viruses has been developed to a scale large enough to  tes t 
its  su itab ility  as an industria l process. This 100 li t re  glass sphere propagator 
equivalent to 1,000 Roux flasks was scaled-up in tenfo ld stages from  c r ite r ia  
established using the prototype reactors equivalent to one Roux flask. The glass 
sphere propagators have (1) the substrate formed by a packed bed o f 3 mms diam eter 
borosilicate glass spheres, (2) separate reservoirs fo r the substrate and medium, (3) a 
simple design w ith  no mechanically driven parts, and (4) needs no sophisticated contro l 
equipment. The three sm aller glass sphere propagators are transportable and are 
operated in 37°C hotrooms and of these the 100 m l propagator is the sm allest. This 
version was used to  test the feas ib ility  o f transferring model bio logical systems from  
Roux flasks to the glass sphere technique and in addition to determ ine the physical 
parameters necessary fo r scale-up. The next scale o f glass sphere propagator (1 litre )  
was used to  (1) confirm  the scale-up observations o f the prototype reaction , (2) 
investigate and optim ise b io logical p roduc tiv ity  in glass sphere propagators, and (3) 
exp lo it the special features o f the packed bed un it process. The th ird  scale o f glass 
sphere propagator (10 litres ) was used to, (1) produce biological inocula fo r the 100 
li t re  version, and (2) produce bio logical m ate ria l more e ffic ie n tly  than from  an 
equivalent number o f Roux flasks fo r investigatory and standardisation applications. 
The largest glass sphere propagator (100 litres ) was immobile, steam -sterilised and was 
used to test the new process in a sim ulated industria l environment.
A t each o f the four scales o f operation the e ffic iency o f the glass sphere 
propagator technique was evaluated by comparison w ith  both physical and bio log ica l 
models. For this the production o f foo t and mouth disease virus in BHK monolayer 
cells grown in Roux flasks was chosen. Using this process the bio logical p rodu c tiv ity  
in glass sphere propagators was s im ila r to  tha t from  Roux flasks.
The glass sphere propagator technique was then exploited by (1) the growth o f 
d iffe re n t mammalian cells and the production o f additional animal viruses, (2) the 
investigation o f the process advantages o f the packed bed reactor and (3) the 
optim isation o f b io logical p roduc tiv ity  by the contro l o f pH and dissolved oxygen 
levels.
The glass sphere propagator process has applications fo r the large-scale 
production o f (1) those strains o f foo t and mouth disease virus which are not adapted 
to grow in submerged cu lture , (2) other viruses o f veterinary im portance which only 
grow in anchorage dependent cells, and (3) monolayer cells which at present are 
produced in m ultip le  bo ttle  cultures. In addition the glass sphere propagators could be 
used fo r the preparation o f (1) vaccines against human v ira l diseases, and (2) human 
ce llu la r m etabolites such as in terferons, enzymes and hormones by development o f the 
special features o f the packed bed reactors.
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